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乡乲乥 乴乨乥 乲乡乤乩乯中乬乯乵乤丬 乡乮乤 乯乴乨乥乲乳 乡乲乥 乣乬乡乳乳乩东乥乤 乡乳 乲乡乤乩乯中乱乵乩乥乴丮 乒乡乤乩乯中乬乯乵乤 乁乇乎乳 乡乲乥 乴乨乯乵乧乨乴 乴乯
乨乡乶乥 乪乥乴乳 乢乥乣乡乵乳乥 乴乨乥 乳乹乮乣乨乲乯乴乲乯乮 乥乭乩乳乳乩乯乮 书乲乯乭 乴乨乥 乪乥乴 乣乯乮乴乲乩乢乵乴乥乳 乴乯 乴乨乥 乢乲乩乧乨乴乮乥乳乳丮 乔乨乥
乪乥乴丧乳 乯乲乩乧乩乮 乩乳 乴乨乥 乣乥乮乴乥乲 乯书 乴乨乥 乁乇乎丬 乩乮 乴乨乥 乶乩乣乩乮乩乴乹 乯书 乴乨乥 乳乵买乥乲乭乡乳乳乩乶乥 乢乬乡乣乫 乨乯乬乥 丨乂么丩丮 乔乨乥乹
乥乸乴乥乮乤 乢乥乹乯乮乤 乴乨乥乩乲 乨乯乳乴 乧乡乬乡乸乩乥乳 乵买 乴乯 乨乵乮乤乲乥乤乳 乫买乣 乳乣乡乬乥 乯乲 乍买乣 乳乣乡乬乥 乡乴 乭乯乳乴丮
乔乨乥 乨乩乧乨中乲乥乳乯乬乵乴乩乯乮 乯乢乳乥乲乶乡乴乩乯乮乳 乵乳乩乮乧 乴乨乥 乶乥乲乹 乬乯乮乧 乢乡乳乥乬乩乮乥 乩乮乴乥乲书乥乲乯乭乥乴乥乲 丨乖乌乂义丩 乴乥乣乨中
乮乩乱乵乥 乨乡乶乥 乲乥乳乯乬乶乥乤 乴乨乥 乪乥乴 乭乯乲买乨乯乬乯乧乩乥乳 乩乮 乶乡乲乩乯乵乳 乳乣乡乬乥乳丮 乔乨乥乹 乨乡乶乥 乳买乡乴乩乡乬乬乹 乲乥乳乯乬乶乥乤 乴乨乥
乴乲乡乮乳乶乥乲乳乥 乤乩乲乥乣乴乩乯乮 乴乯 乴乨乥 乪乥乴 乤乩乲乥乣乴乩乯乮 乡乮乤 书乯乵乮乤 乴乨乥 乣乨乡乲乡乣乴乥乲乩乳乴乩乣 乥乭乩乳乳乩乯乮 乳乴乲乵乣乴乵乲乥乳丮 义乮
乳乥乶乥乲乡乬 乪乥乴乳 乩乮乣乬乵乤乩乮乧 乴乨乥 乯乮乥 乯书 乍丸丷丬 乴乨乥 乥乤乧乥乳 乯书 乴乨乥 乪乥乴 乡乲乥 乢乲乩乧乨乴乥乲 乴乨乡乮 乴乨乥 乲乥乧乩乯乮 乢乥乴乷乥乥乮
乴乨乥乭丮 乓乵乣乨 乥乭乩乳乳乩乯乮 乳乴乲乵乣乴乵乲乥 乩乳 乣乡乬乬乥乤 乴乨乥 习乬乩乭乢中乢乲乩乧乨乴乥乮乥乤丧 乳乴乲乵乣乴乵乲乥 丨么乡乤乡 乥乴 乡乬丮 串丰丱丶丩丮
么乩乧乨乥乲 乳乥乮乳乩乴乩乶乩乴乹 乯乢乳乥乲乶乡乴乩乯乮 乩乮 乴乨乥 乬乯乷乥乲 书乲乥乱乵乥乮乣乹 买乯乩乮乴乥乤 乯乵乴 乴乨乡乴 乴乨乥 乍丸丷 乪乥乴 乨乡乳 乡 乴乨乩乲乤
乣乥乮乴乲乡乬 乢乲乩乧乨乴 乣乯乭买乯乮乥乮乴 乢乥乴乷乥乥乮 乴乨乥 乬乩乭乢乳丮 乔乨乥 书乯乲乫中乬乩乫乥 乴乨乲乥乥中乣乯乭买乯乮乥乮乴 乥乭乩乳乳乩乯乮 乳乴乲乵乣乴乵乲乥
乩乳 乣乡乬乬乥乤 乴乨乥 乳买乩乮乥中乳乨乥乡乴乨 乳乴乲乵乣乴乵乲乥 乯乲 乴乨乥 习乴乲乩买乬乥中乲乩乤乧乥丧 乳乴乲乵乣乴乵乲乥 丨么乡乤乡 串丰丱丹丩丮 乔乨乥 乧乬乯乢乡乬中乳乩乺乥
乢乡乳乥乬乩乮乥 乖乌乂义 乯乢乳乥乲乶乡乴乩乯乮 买乲乯乪乥乣乴 久乶乥乮乴 么乯乲乩乺乯乮 乔乥乬乥乳乣乯买乥 丨久么乔丩 乨乡乶乥 乯乢乳乥乲乶乥乤 乴乨乥 乶乩乣乩乮中
乩乴乹 乯书 乴乨乥 乍丸丷丧乳 乳乵买乥乲乭乡乳乳乩乶乥 乂么 乷乩乴乨 乴乨乥 乨乩乧乨乥乳乴 乲乥乳乯乬乵乴乩乯乮 乥乶乥乲 丨久乶乥乮乴 么乯乲乩乺乯乮 乔乥乬乥乳乣乯买乥
丱
串 乃么乁乐乔久乒 丱丮 义乎乔乒乏乄乕乃乔义乏乎
乃乯乬乬乡乢乯乲乡乴乩乯乮 串丰丱丹乡丬乢丬乣丬乤丬乥丬书丩丮 乔乨乥乹 乲乥乳乯乬乶乥乤 乴乨乥 乨乯乲乩乺乯乮 乳乣乡乬乥 乲乩乮乧中乬乩乫乥 乥乭乩乳乳乩乯乮 乳乴乲乵乣乴乵乲乥丬
乷乨乯乳乥 乡乮乧乵乬乡乲 乤乩乡乭乥乴乥乲 乷乡乳 42 ± 3µas丬 乷乩乴乨 乴乨乥 乲乥乳乯乬乵乴乩乯乮 乯书 ∼ 25µas丮 乔乨乥 乥乭乩乳乳乩乯乮 书乲乯乭
乴乨乥 乪乥乴 乬乡乵乮乣乨乩乮乧 乲乥乧乩乯乮 乮乥乡乲 乴乨乥 乂么 乨乡乳 乢乥乥乮 乥乸买乥乣乴乥乤 乩乮 书乵乴乵乲乥 乯乢乳乥乲乶乡乴乩乯乮乳 丨么乡乤乡 乡乮乤
久乡乶乮丯久乡乴乩乮乧 乖乌乂义 乃乯乬乬乡乢乯乲乡乴乩乯乮 串丰串丰丩丮
乔乨乥 书乯乲乭乡乴乩乯乮 乭乥乣乨乡乮乩乳乭乳 乯书 乪乥乴乳 乣乡乮 乢乥 乤乩乶乩乤乥乤 乩乮乴乯 东乶乥 买乡乲乴乳为 乤乲乩乶乩乮乧 乭乥乣乨乡乮乩乳乭丬 乡乮乤
乩乮乪乥乣乴乩乯乮丬 乡乣乣乥乬乥乲乡乴乩乯乮丬 乣乯乬乬乩乭乡乴乩乯乮丬 买乲乯买乡乧乡乴乩乯乮 买乲乯乣乥乳乳丮 义乴 乩乳 乢乥乬乩乥乶乥乤 乴乨乡乴 乪乥乴乳 乡乲乥 书乯乲乭乥乤
乩乮 乡 乳乹乳乴乥乭 乣乯乭买乯乳乥乤 乯书 乡 乂么 乡乴 乴乨乥 乣乥乮乴乥乲 乯书 乡 乧乡乬乡乸乹 乡乮乤 乳乵乲乲乯乵乮乤乩乮乧 买乬乡乳乭乡丮 乔乨乥乩乲
买乬乡乵乳乩乢乬乥 乤乲乩乶乩乮乧 乭乥乣乨乡乮乩乳乭 乩乳 乥乬乥乣乴乲乯乭乡乧乮乥乴乩乣 乥乸乴乲乡乣乴乩乯乮 乯书 乴乨乥 乲乯乴乡乴乩乯乮乡乬 乥乮乥乲乧乹 乯书 乴乨乥 乂么
乡乮乤丯乯乲 乩乴乳 乡乣乣乲乥乴乩乯乮 乤乩乳乫 丨乂乬乡乮乤书乯乲乤 乡乮乤 乚乮乡乪乥乫 丱丹丷丷主 乂乬乡乮乤书乯乲乤 乡乮乤 乐乡乹乮乥 丱丹丸串主 乕乣乨乩乤乡 乡乮乤
乓乨乩乢乡乴乡 丱丹丸丵主 乌乯乶乥乬乡乣乥 乥乴 乡乬丮 丱丹丸丷主 乍乥乩乥乲 乥乴 乡乬丮 串丰丰丱主 之乯乭乩乳乳乡乲乯乶 串丰丰临主 乂乥乳乫乩乮 串丰丱丰乡丩丮 乔乨乥
书乯乲乭乥乲 乩乳 乣乡乬乬乥乤 乴乨乥 乂乬乡乮乤书乯乲乤中乚乮乡乪乥乫 丨乂乚丩 买乲乯乣乥乳乳丬 乡乮乤 乴乨乥 乬乡乴乴乥乲 乩乳 乣乡乬乬乥乤 乴乨乥 乂乬乡乮乤书乯乲乤中
乐乡乹乮乥 丨乂乐丩 买乲乯乣乥乳乳丮 义书 乴乨乥 乭乡乧乮乥乴乩乣 东乥乬乤 乬乩乮乥 乧乥乮乥乲乡乴乥乤 乢乹 乴乨乥 乬乡乲乧乥中乳乣乡乬乥 乴乯乲乯乩乤乡乬 乣乵乲乲乥乮乴
买乥乮乥乴乲乡乴乥乳 乴乨乥 乂么 乯乲 乴乨乥 乡乣乣乲乥乴乩乯乮 乤乩乳乫丬 乴乨乥乩乲 乲乯乴乡乴乩乯乮 乣乲乥乡乴乥乳 乴乨乥 乯乵乴乷乡乲乤 乐乯乹乮乴乩乮乧 丝乵乸 乡乮乤
乥乸乴乲乡乣乴乳 乴乨乥乩乲 乲乯乴乡乴乩乯乮 乥乮乥乲乧乹丮 乂乹 乣乯乮乶乥乲乴乩乮乧 乴乨乥 乐乯乹乮乴乩乮乧 丝乵乸 乴乯 乴乨乥 丝乵乩乤 乫乩乮乥乴乩乣 乥乮乥乲乧乹丬
乴乨乥 乪乥乴 乡乣乣乥乬乥乲乡乴乥乳丮 乇乥乮乥乲乡乬 乲乥乬乡乴乩乶乩乳乴乩乣 乭乡乧乮乥乴乯乨乹乤乲乯乤乹乮乡乭乩乣 丨乇乒乍么乄丩 乳乩乭乵乬乡乴乩乯乮乳 乨乡乶乥
乳乨乯乷乮 乴乨乡乴 乴乨乥 乧乬乯乢乡乬乬乹 乯乲乤乥乲乥乤 乭乡乧乮乥乴乩乣 东乥乬乤 乩乳 乲乥乡乬乩乺乥乤 乯乮乬乹 乩乮 乴乨乥 书乵乮乮乥乬 乲乥乧乩乯乮 乡乲乯乵乮乤 乴乨乥
乲乯乴乡乴乩乯乮 乡乸乩乳丬 乷乨乥乲乥 乲乥乬乡乴乩乶乩乳乴乩乣 乪乥乴 乡买买乥乡乲乳 乴乯 乢乥 书乯乲乭乥乤 乶乩乡 乴乨乥 乂乚 买乲乯乣乥乳乳丬 乡乮乤 乴乨乥 乤乩乳乫 乷乩乮乤
乤乯乥乳 乮乯乴 乢乥乣乯乭乥 乲乥乬乡乴乩乶乩乳乴乩乣 丨乥丮乧丮丬 乍乣之乩乮乮乥乹 乡乮乤 乇乡乭乭乩乥 串丰丰临主 乍乣之乩乮乮乥乹 乡乮乤 乂乬乡乮乤书乯乲乤
串丰丰丹主 乔乣乨乥乫乨乯乶乳乫乯乹 乥乴 乡乬丮 串丰丱丱主 乓亡乤乯乷乳乫乩 乥乴 乡乬丮 串丰丱丳主 乎乡乫乡乭乵乲乡 乥乴 乡乬丮 串丰丱丸丩丮 乃乯乬乬乩乭乡乴乩乯乮 乢乹
乴乨乥 买乲乥乳乳乵乲乥 乯书 乡乮 乥乸乴乥乲乮乡乬 乭乥乤乩乵乭 乩乳 乥乳乳乥乮乴乩乡乬 乴乯 乴乨乥 乡乣乣乥乬乥乲乡乴乩乯乮 乴乯 乴乨乥 乲乥乬乡乴乩乶乩乳乴乩乣 乳买乥乥乤
丨乂乥乳乫乩乮 乡乮乤 乎乯乫乨乲乩乮乡 串丰丰丶主 之乯乭乩乳乳乡乲乯乶 乥乴 乡乬丮 串丰丰丷主 乌乹乵乢乡乲乳乫乹 串丰丰丹主 乔乯乭乡 乡乮乤 乔乡乫乡乨乡乲乡
串丰丱丳丩丮 乏乢乳乥乲乶乡乴乩乯乮乳 乨乡乶乥 乲乥乶乥乡乬乥乤 乴乨乥 乣乯乬乬乩乭乡乴乩乯乮 买乲乯东乬乥乳 乯书 乴乨乥 乬乩乭乢中乢乲乩乧乨乴乥乮乥乤 乪乥乴乳 丨乁乳乡乤乡
乡乮乤 乎乡乫乡乭乵乲乡 串丰丱串主 乎乡乫乡乭乵乲乡 乡乮乤 乁乳乡乤乡 串丰丱丳主 乁乳乡乤乡 乥乴 乡乬丮 串丰丱丶主 么乡乤乡 乥乴 乡乬丮 串丰丱串主 么乡乤乡
串丰丱丹丩丮 乆乯乲 乥乸乡乭买乬乥丬 乴乨乥 乍丸丷 乪乥乴 乳乨乯乷乳 乴乨乥 买乡乲乡乢乯乬乩乣 买乲乯东乬乥 z ∝ R1.6 乵买 乴乯 106 乓乣乨乷乡乲乺乳乣乨乩乬乤
乲乡乤乩乩 丨∼ 10 买乣丩 乩乮 乤乥买乲乯乪乥乣乴乥乤 乤乩乳乴乡乮乣乥 乡乳乳乵乭乩乮乧 乴乨乥 乶乩乥乷乩乮乧 乡乮乧乬乥 ∼ 15◦ 乷乨乥乲乥 乴乨乥 乢乲乩乧乨乴 乫乮乯乴
么乓乔中丱 乡买买乥乡乲乳丬 乷乨乩乬乥 乢乥乹乯乮乤 么乓乔中丱 乴乨乥 乪乥乴 乢乥乣乯乭乥乳 乣乯乮乩乣乡乬丮 乔乨乥 乴乲乡乮乳乩乴乩乯乮 乣乯乩乮乣乩乤乥乳 乷乩乴乨
乴乨乥 乂乯乮乤乩 乲乡乤乩乵乳 乯书 乳乵买乥乲乭乡乳乳乩乶乥 乂么丬 乷乨乩乣乨 乭乡乹 乩乮乤乩乣乡乴乥 乴乨乡乴 乴乨乥 乥乸乴乥乲乮乡乬 乭乥乤乩乵乭 乢乯乵乮乤乥乤
丳
乢乹 乴乨乥 乂么丧乳 乧乲乡乶乩乴乹 买乬乡乹乳 乡 乫乥乹 乲乯乬乥 乩乮 乳乵买买乯乲乴乩乮乧 乴乨乥 乪乥乴 乣乯乬乬乩乭乡乴乩乯乮丮 乔乨乥 乴乲乡乮乳乩乴乩乯乮 乯书 乴乨乥
买乲乯东乬乥 乡乴 乴乨乥 乂乯乮乤乩 乲乡乤乩乵乳 乨乡乳 乡乬乳乯 乢乥乥乮 乯乢乳乥乲乶乥乤 乩乮 乃乹乧 乁 丨乂乯乣乣乡乲乤乩 乥乴 乡乬丮 串丰丱丶主 乎乡乫乡乨乡乲乡
乥乴 乡乬丮 串丰丱丹丩丬 丱么 丰丳串丳丫丳临串 丨么乡乤乡 乥乴 乡乬丮 串丰丱丸丩丬 乡乮乤 丳乃丸临 丨乇乩乯乶乡乮乮乩乮乩 乥乴 乡乬丮 串丰丱丸丩丬 乷乨乩乬乥 乩乮
乴乨乥 乎乇乃 丱丰丵串 乣乡乳乥丬 乴乨乥 乪乥乴 乳乨乡买乥 乣乨乡乮乧乥乳 书乲乯乭 乣乹乬乩乮乤乲乩乣乡乬 乴乯 乣乯乮乩乣乡乬 丨乎乡乫乡乨乡乲乡 乥乴 乡乬丮 串丰串丰丩丮
乗乨乩乬乥 买乲乯买乡乧乡乴乩乮乧 乴乨乥 乶乥乲乹 乬乯乮乧 乤乩乳乴乡乮乣乥 乵买 乴乯 109 乯书 乴乨乥乩乲 乩乮乩乴乩乡乬 乲乡乤乩乵乳丬 乪乥乴乳 乳乵丛乥乲 书乲乯乭
乩乮乳乴乡乢乩乬乩乴乩乥乳 乡乮乤 乤乩乳乳乩买乡乴乩乯乮乳 丨乐乯乲乴乨 乡乮乤 之乯乭乩乳乳乡乲乯乶 串丰丱丵主 乍乡乴乳乵乭乯乴乯 乥乴 乡乬丮 串丰丱丷主 乍乡乴乳乵乭乯乴乯
乡乮乤 乍乡乳乡乤乡 串丰丱丷主 乍乡乴乳乵乭乯乴乯 乥乴 乡乬丮 串丰串丰丩丮
乔乨乥 乥乭乩乴乴乩乮乧 买乬乡乳乭乡 乭乵乳乴 乢乥 乩乮乪乥乣乴乥乤 乡乴 乬乥乡乳乴 乩乮 乴乨乥 乴乥乮乳 乯书 乓乣乨乷乡乲乺乳乣乨乩乬乤 乲乡乤乩乩 书乲乯乭 乴乨乥
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Chapter 2
Radio Observations of AGN Jets
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2.1 AGN Jets and Their Host Galaxies
乁乇乎 乪乥乴乳 乨乡乶乥 乢乥乥乮 乯乢乳乥乲乶乥乤 乡乣乣乯乭买乡乮乩乥乤 乢乹 乲乡乤乩乯中乬乯乵乤 乁乇乎乳丬 乷乨乩乣乨 乯乣乣乵买乹 乡买买乲乯乸乩乭乡乴乥乬乹
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乲乡乤乩乯中乴乯中乯买乴乩乣乡乬 丝乵乸 乤乥乮乳乩乴乹 乲乡乴乩乯 乩乮 乲乡乤乩乯 乧乡乬乡乸乩乥乳 乨乡乳 乢乥乥乮 乲乥买乯乲乴乥乤 丨之乥乬乬乥乲乭乡乮乮 乥乴 乡乬丮 丱丹丸丹主
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乧乡乬乡乸乩乥乳丮 乔乨乥 书乲乡乣乴乩乯乮 乯书 乴乨乥 乧乡乬乡乸乩乥乳丬 乷乨乩乣乨 乨乯乳乴 乡 乲乡乤乩乯中乬乯乵乤 乁乇乎丬 乩乮乣乲乥乡乳乥乳 乳乴乥乥买乬乹 乷乩乴乨 乴乨乥
乳乴乥乬乬乡乲 乭乡乳乳 乩乮 乴乨乥 乧乡乬乡乸乹 丨乂乥乳乴 乥乴 乡乬丮 串丰丰丵主 乂乥乣乫乭乡乮乮 乡乮乤 乓乨乲乡乤乥乲 串丰丱串丩丮 乔乨乥 乌乏乆乁乒 乔乷乯中
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乍乡乳乳乩乶乥 乥乬乬乩买乴乩乣乡乬 乧乡乬乡乸乩乥乳丬 乷乨乩乣乨 乵乮乤乥乲乧乯 乴乨乥 乧乡乬乡乸乹 乭乥乲乧乥乲丬 乭乡乹 乨乡乶乥 乴乨乥 乂么 乳买乵乮 乵买 乢乹
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乴乨乥 乡乣乣乲乥乴乩乯乮 乯乮乴乯 乴乨乥 乂么 乡乮乤 乴乨乥 乭乥乲乧乥乲 乯书 乂么乳 乡乮乤 乧乥乮乥乲乡乴乥 乴乨乥 买乯乷乥乲书乵乬 乪乥乴乳 丨乓乩乫乯乲乡 乥乴 乡乬丮
串丰丰丷丩丮 乒乡乤乩乯中乬乯乵乤 乁乇乎乳 乡乲乥 乤乩乶乩乤乥乤 乩乮乴乯 乴乷乯 乳乵乢乣乡乴乥乧乯乲乩乥乳 乤乥买乥乮乤乩乮乧 乯乮 乴乨乥 乪乥乴 乡买买乥乡乲乡乮乣乥丮
乁 乭乡乪乯乲 乳乵乢乣乬乡乳乳 乯书 乲乡乤乩乯中乬乯乵乤 乁乇乎 乩乳 乲乡乤乩乯 乧乡乬乡乸乩乥乳丬 乩乮 乷乨乩乣乨 乴乨乥 乪乥乴乳 乡乲乥 乭乩乳乡乬乩乧乮乥乤 乷乩乴乨
乴乨乥 乬乩乮乥 乯书 乳乩乧乨乴丬 乷乨乩乬乥 乢乬乡乺乡乲乳 乨乡乶乥 乪乥乴乳 乷乨乯乳乥 乡乸乩乳 乨乡乳 乡 乳乭乡乬乬 乩乮乣乬乩乮乡乴乩乯乮 乡乮乧乬乥 书乲乯乭 乴乨乥 乬乩乮乥
乯书 乳乩乧乨乴 丨. 10◦丩丮 乒乡乤乩乯 乧乡乬乡乸乩乥乳 乡乲乥 乤乩乶乩乤乥乤 乩乮乴乯 乴乷乯 乴乹买乥乳丬 乩丮乥丮丬 乆乡乮乡乲乯丛 並 乒乩乬乥乹 丨乆乒丩 义 乡乮乤
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串丮串丮 乓乕乐久乒乌乕乍义乎乁乌 乍乏乔义乏乎 丹
乤乹乮乡乭乩乣乳 丨乍乡乣乣乨乥乴乴乯 乥乴 乡乬丮 丱丹丹丷主 乗乡乬乳乨 乥乴 乡乬丮 串丰丱丳丩丬 乡乮乤 6.6× 109M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乯书 乳乴乥乬乬乡乲 乤乹乮乡乭乩乣乳 丨乇乥乢乨乡乲乤乴 乡乮乤 乔乨乯乭乡乳 串丰丰丹主 乇乥乢乨乡乲乤乴 乥乴 乡乬丮 串丰丱丱丩丮 乔乨乥 乣乯乲乲乥乳买乯乮乤乩乮乧
乡乮乧乵乬乡乲 乳乩乺乥乳 乯书 乴乨乥 乓乣乨乷乡乲乺乳乣乨乩乬乤 乲乡乤乩乵乳 乡乲乥 ≈ 3.9 乡乮乤 7.8 µ乡乳丮 乔乨乥 乤乥买乲乯乪乥乣乴乥乤 乬乥乮乧乴乨 乣乡乮
乢乥 乣乯乮乶乥乲乴乥乤 乢乹 乴乨乥 乲乥乬乡乴乩乯乮 1rS ≈ 6.4 × 10−4 买乣 乷乨乥乮 MBH = 6.6 × 109M丮 乔乨乥 乲乩乮乧中乬乩乫乥
乥乭乩乳乳乩乯乮 乳乴乲乵乣乴乵乲乥 乯乢乳乥乲乶乥乤 乩乮 乴乨乥 久么乔 乯乢乳乥乲乶乡乴乩乯乮 乣乡乮 乢乥 乲乥乣乯乮乳乴乲乵乣乴乥乤 乢乹 乴乨乥 乇乒乍么乄
乳乩乭乵乬乡乴乩乯乮乳 乷乩乴乨 乴乨乥 乂么 乭乡乳乳 乯书 6.5± 0.7× 109M 丨久乶乥乮乴 么乯乲乩乺乯乮 乔乥乬乥乳乣乯买乥 乃乯乬乬乡乢乯乲乡乴乩乯乮
串丰丱丹乡丩丮
2.2 Superluminal Motion
乆乲乥乱乵乥乮乴 乯乢乳乥乲乶乡乴乩乯乮乳 乯书 乪乥乴乳 乨乡乶乥 乳乨乯乷乮 乪乥乴 乣乯乭买乯乮乥乮乴乳 乷乨乯乳乥 乡买买乡乲乥乮乴 乳买乥乥乤乳 乥乸乣乥乥乤 乴乨乥
乳买乥乥乤 乯书 乬乩乧乨乴丬 乩丮乥丮丬 乳乵买乥乲乬乵乭乩乮乡乬 乭乯乴乩乯乮 丨乗乡乬乫乥乲 乥乴 乡乬丮 丱丹丸丸主 乂乩乲乥乴乴乡 乥乴 乡乬丮 丱丹丹丵丬 丱丹丹丹主 乍乥乹乥乲
乥乴 乡乬丮 串丰丱丳主 乍乥乲乴乥乮乳 乡乮乤 乌乯乢乡乮乯乶 串丰丱丵主 乍乥乲乴乥乮乳 乥乴 乡乬丮 串丰丱丶主 么乡乤乡 乥乴 乡乬丮 串丰丱丷主 乐乡乲乫 乥乴 乡乬丮 串丰丱丹乡丩丮
乔乨乩乳 乩乳 乣乡乵乳乥乤 乢乹 乴乨乥 乲乥乬乡乴乩乶乩乳乴乩乣 乥丛乥乣乴丮 乗乨乥乮 乷乥 乣乯乮乳乩乤乥乲 乴乨乥 乥乶乥乮乴 乴乨乡乴 乡乮 乥乭乩乴乴乥乲丬 乷乨乩乣乨
乭乯乶乥乳 乡乴 乴乨乥 乲乥乬乡乴乩乶乩乳乴乩乣 乳买乥乥乤 v 乩乮 乴乨乥 乤乩乲乥乣乴乩乯乮 乯书 乴乨乥 乶乩乥乷乩乮乧 乡乮乧乬乥 Θ丬 乲乡乤乩乡乴乥乳 乤乵乲乩乮乧 乴乨乥
乴乩乭乥 乤乩丛乥乲乥乮乣乥 ∆te 乤乥东乮乥乤 乩乮 乴乨乥 乬乡乢 书乲乡乭乥丬 乴乨乥 乴乩乭乥 乤乩丛乥乲乥乮乣乥 乯乢乳乥乲乶乥乤 乢乹 乡 乤乩乳乴乡乮乴 乯乢乳乥乲乶乥乲
乢乥乣乯乭乥乳 ∆tobs = (1 − v cos Θ/c)∆te丮 乔乨乥 乥乭乩乴乴乥乲 乭乯乶乥乳 乡乳 乭乵乣乨 乡乳 ∆xobs = ∆xe = v sin Θ
乯乮 乴乨乥 乣乥乬乥乳乴乩乡乬 乳买乨乥乲乥 乩乮 ∆te丮 乗乥 乣乡乮 乷乲乩乴乥 乴乨乥 乡买买乡乲乥乮乴 乳买乥乥乤 乢乹 vapp = ∆xobs/∆tobs =
v sin Θ/(1 − v cos Θ/c)丮 乗乨乥乮 sin Θ = 1/γ丬 vapp(Θ) 乨乡乳 乴乨乥 乭乡乸乩乭乵乭 乶乡乬乵乥 γv丬 乷乨乥乲乥 γ =
1/
√
1− (v/c)2丮 乔乨乥 乡买买乡乲乥乮乴 乳买乥乥乤 乥乸乣乥乥乤 乴乨乥 乳买乥乥乤 乯书 乬乩乧乨乴 乷乨乥乮 γ  1丮 乔乨乥乲乥 乡乲乥 乶乡乲乩乯乵乳
乭乥乴乨乯乤乳 乯书 乥乸乴乲乡乣乴乩乮乧 乴乨乥 乪乥乴 乫乩乮乥乭乡乴乩乣乳 书乯乲乭 乯乢乳乥乲乶乡乴乩乯乮乳丬 乥丮乧丮丬 乍乯乤乥乬 东乴 乷乩乴乨 乴乨乥 乇乡乵乳乳乩乡乮
乣乯乭买乯乮乥乮乴丬 乶乩乳乵乡乬 乩乮乳买乥乣乴乩乯乮丬 乳乵乢乴乲乡乣乴乩乮乧 乴乨乥 乡乶乥乲乡乧乥 乩乭乡乧乥 书乲乯乭 乴乨乥 乩乮乤乩乶乩乤乵乡乬 乥买乯乣乨 乩乭乡乧乥乳丬
乗乡乶乥乬乥乴中乢乡乳乥乤 义乭乡乧乥 乓乥乧乭乥乮乴乡乴乩乯乮 乡乮乤 久乶乡乬乵乡乴乩乯乮 丨乗义乓久丩 乭乥乴乨乯乤丬 乴乨乥 乢乲乩乧乨乴乮乥乳乳 乲乡乴乩乯 乯书
乴乨乥 乪乥乴 乡乮乤 乣乯乵乮乴乥乲 乪乥乴 丨乳乥乥 乐乡乲乫 乥乴 乡乬丮 串丰丱丹乡丩丮
乓乵买乥乲乬乵乭乩乮乡乬 乭乯乴乩乯乮乳 乨乡乶乥 乢乥乥乮 乯乢乳乥乲乶乥乤 乩乮 乴乨乥 乍丸丷 乪乥乴丮 乓乥乶乥乲乡乬 乣乯乭买乯乮乥乮乴乳 乷乨乩乣乨 乨乡乶乥
乴乨乥 乡买买乡乲乥乮乴 乳买乥乥乤乳 乵买 乴乯 ≈ 6.1c 乩乮 乯买乴乩乣乡乬 乯乢乳乥乲乶乡乴乩乯乮乳 丨乂乩乲乥乴乴乡 乥乴 乡乬丮 丱丹丹丹丩 乡乮乤 乵买 乴乯 ≈ 5.1c
乩乮 乲乡乤乩乯 乯乢乳乥乲乶乡乴乩乯乮乳 丨乃乨乥乵乮乧 乥乴 乡乬丮 串丰丰丷主 乇乩乲乯乬乥乴乴乩 乥乴 乡乬丮 串丰丱串丩 乡乲乥 乯乢乳乥乲乶乥乤 乩乮 乡 乲乥乧乩乯乮 乣乡乬乬乥乤
丱丰 乃么乁乐乔久乒 串丮 乒乁乄义乏 乏乂乓久乒乖乁乔义乏乎乓 乏乆 乁乇乎 乊久乔乓
习么乓乔中丱丬丧 乷乨乩乣乨 乬乯乣乡乴乥乳 乡乴 ∼ 900 乭乡乳 乡买乡乲乴 书乲乯乭 乴乨乥 乣乥乮乴乲乡乬 乂么丬 乡乮乤 乩乴乳 买乯乳乩乴乩乯乮 乡乬乭乯乳乴
乣乯乩乮乣乩乤乥乳 乷乩乴乨 乴乨乥 乂乯乮乤乩 乲乡乤乩乵乳 乯书 乍丸丷 乧乡乬乡乸乹 丨乒乵乳乳乥乬乬 乥乴 乡乬丮 串丰丱丵丩丮 乔乨乥 乳乵买乥乲乬乵乭乩乮乡乬 乡乮乤
乳乵乢乬乵乭乩乮乡乬 乭乯乴乩乯乮乳 乨乡乶乥 乡乬乳乯 乢乥乥乮 乯乢乳乥乲乶乥乤 乩乮 乴乨乥 乤乯乷乮乳乴乲乥乡乭 乯书 乴乨乥 么乓乔中丱 丨乂乩乲乥乴乴乡 乥乴 乡乬丮
丱丹丹丵主 乍乥乹乥乲 乥乴 乡乬丮 串丰丱丳丩丮 乓乯乭乥 乯乢乳乥乲乶乡乴乩乯乮乳 乨乡乤 乤乥乴乥乣乴乥乤 乯乮乬乹 乳乵乢乬乵乭乩乮乡乬 乭乯乴乩乯乮乳 乯乲 乮乯
买乲乯买乥乲 乭乯乴乩乯乮乳 乷乩乴乨乩乮 乥乲乲乯乲 乩乮 ∼ 1−20 乭乡乳 乳乣乡乬乥 丨乒乥乩乤 乥乴 乡乬丮 丱丹丸丹主 乌乹 乥乴 乡乬丮 串丰丰临主 之乥乬乬乥乲乭乡乮乮
乥乴 乡乬丮 串丰丰临主 乄乯乤乳乯乮 乥乴 乡乬丮 串丰丰丶主 之乯乶乡乬乥乶 乥乴 乡乬丮 串丰丰丷丩丮 么乯乷乥乶乥乲丬 乩乮 乲乥乣乥乮乴 乳乴乵乤乩乥乳丬 乴乨乥 乨乩乧乨
乣乡乤乥乮乣乥 乭乯乮乩乴乯乲乩乮乧 乯乢乳乥乲乶乡乴乩乯乮乳 乨乡乶乥 乤乥乴乥乣乴乥乤 乳乵买乥乲乬乵乭乩乮乡乬 乭乯乴乩乯乮乳 乡乴 乤乩乳乴乡乮乣乥乳 乵乮乴乩乬 ∼ 20
乭乡乳丬 乷乨乩乣乨 乣乯乮乴乲乡乤乩乣乴乳 乴乨乥 乥乡乲乬乩乥乲 乳乴乵乤乩乥乳 丨乍乥乲乴乥乮乳 乥乴 乡乬丮 串丰丱丶主 么乡乤乡 乥乴 乡乬丮 串丰丱丷主 乗乡乬乫乥乲 乥乴 乡乬丮
串丰丱丸丩丮 乔乨乥 之乖乎 乡乮乤 乖久乒乁 乁乲乲乡乹 丨之乡乖乁丩 乩乳 乴乨乥 乩乮乴乥乲乮乡乴乩乯乮乡乬 乖乌乂义 乮乥乴乷乯乲乫 乩乮 久乡乳乴 乁乳乩乡
乡乩乭乩乮乧 乴乯 乳乴乵乤乹 乤乥乴乡乩乬乥乤 乫乩乮乥乭乡乴乩乣乳 乡乮乤 乳乴乲乵乣乴乵乲乡乬 乥乶乯乬乵乴乩乯乮乳 乯书 乲乥乬乡乴乩乶乩乳乴乩乣 乪乥乴乳 丨乎乩乩乮乵乭乡 乥乴 乡乬丮
串丰丱临主 么乡乤乡 乥乴 乡乬丮 串丰丱丷主 乚乨乡乯 乥乴 乡乬丮 串丰丱丹丩丮 乐乡乲乫 乥乴 乡乬丮 丨串丰丱丹乡丩 乯乢乳乥乲乶乥乤 乴乨乥 乍丸丷 乪乥乴 乷乩乴乨 之乡乖乁
乥乩乧乨乴 乴乩乭乥乳 乩乮 串丰丱丶 乡乴 串串 乇么乺 乡乮乤 临丳 乇么乺丮 乔乨乥 乴乹买乩乣乡乬 乭乯乮乩乴乯乲乩乮乧 乩乮乴乥乲乶乡乬 乢乥乴乷乥乥乮 乥乡乣乨
乥买乯乣乨 乷乡乳 乴乷乯 乷乥乥乫乳丮 乔乨乥乹 乳乨乯乷乥乤 乴乨乡乴 乴乨乥 乡买买乡乲乥乮乴 乳买乥乥乤 乧乥乮乥乲乡乬乬乹 乩乮乣乲乥乡乳乥乳 书乲乯乭 ≈ 0.3c
乡乴 ≈ 0.5 乭乡乳 书乲乯乭 乴乨乥 乣乯乲乥 乴乯 ≈ 2.7c 乡乴 ≈ 20 乭乡乳 丨乆乩乧乵乲乥 串丮丱丩丮 乔乨乥 乢乵乬乫 乌乯乲乥乮乴乺 书乡乣乴乯乲乳
乣乯乲乲乥乳买乯乮乤乩乮乧 乴乯 vapp = 2.7c 乡乮乤 vapp = 6.1c 乡乲乥 γ = 3.00 乡乮乤 γ = 8.32丬 乲乥乳买乥乣乴乩乶乥乬乹 乷乨乥乮
Θ = 15◦丮 乔乨乩乳 乶乩乥乷乩乮乧 乡乮乧乬乥 乩乳 乥乳乴乩乭乡乴乥乤 乢乹 乴乨乥 乲乡乤乩乯中乴乯中乘中乲乡乹 乭乵乬乴乩乷乡乶乥乬乥乮乧乴乨 乳买乥乣乴乲乵乭
东乴乴乩乮乧 书乯乲 乴乨乥 么乓乔中丱 乫乮乯乴 乵乳乩乮乧 乴乨乥 乳乹乮乣乨乲乯乴乲乯乮 乳买乥乣乴乲乵乭 乭乯乤乥乬乳 丨Θ = 15.9±1.9◦丬 乗乡乮乧 乡乮乤
乚乨乯乵 串丰丰丹丩 乡乮乤 乩乴 乩乳 乣乯乮乳乩乳乴乥乮乴 乷乩乴乨 乴乨乥 乯乮乥 乥乳乴乩乭乡乴乥乤 乢乹 乴乨乥 乯乢乳乥乲乶乥乤 乩乮乴乥乮乳乩乴乹 乲乡乴乩乯 乢乥乴乷乥乥乮
乴乨乥 乡买买乲乯乡乣乨乩乮乧 乪乥乴 乡乮乤 乴乨乥 乣乯乵乮乴乥乲中乪乥乴 乡乴 0.5−1.0 乭乡乳 书乲乯乭 乴乨乥 乣乯乲乥 丨Θ = 17.2±3.3◦丬 乍乥乲乴乥乮乳
乥乴 乡乬丮 串丰丱丶丩丮 乂乯乴乨 乭乥乴乨乯乤乳 东乲乳乴 乥乳乴乩乭乡乴乥 乴乨乥 乄乯买买乬乥乲 书乡乣乴乯乲 乯书 乴乨乥 乪乥乴 乡乮乤 乤乥乲乩乶乥 乴乨乥 乶乩乥乷乩乮乧
乡乮乧乬乥 乷乩乴乨 乴乨乥 乯乢乳乥乲乶乥乤 乡买买乡乲乥乮乴 乳买乥乥乤 vapp丮 乔乨乵乳丬 书乲乥乱乵乥乮乴 乭乯乮乩乴乯乲乩乮乧 乯乢乳乥乲乶乡乴乩乯乮乳 乭乡乫乥 乩乴
买乯乳乳乩乢乬乥 乴乯 乩乮乶乥乳乴乩乧乡乴乥 乴乨乥 乪乥乴 乶乥乬乯乣乩乴乹 乡乴 乶乡乲乩乯乵乳 乤乩乳乴乡乮乣乥乳 书乲乯乭 乴乨乥 乣乯乲乥 乡乮乤 乣乯乮乳乴乲乡乩乮 乴乨乥 乪乥乴
乡乣乣乥乬乥乲乡乴乩乯乮 买乲乯东乬乥丮
串丮串丮 乓乕乐久乒乌乕乍义乎乁乌 乍乏乔义乏乎 丱丱
Figure 2.1: Time evolution of the M87 jet’s bright components. Contours show images of the M87
jet obtained with KVN and VERA Array (KaVA) in 2016 at 22 GHz. From top to bottom, the series
of observations are placed proportionally to the time elapsed. The left panel and the right panel
show the model analysis with circular Gaussian components and point source components for the
same series of observations. The small filled circles in the right panel represent their mean positions
of the same color points weighted by flux density. The dashed lines show the linear motions of the
components. The apparent speeds of the components increse from ≈ 0.3c at a discance ≈ 0.5 mas to
≈ 2.7c at ≈ 20 mas from the core. Figure adopted from Park et al. (2019a).
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2.3 Core-shift Technique
乁乇乎 乪乥乴乳 乡乲乥 乴乨乯乵乧乨乴 乴乯 乢乥 乬乡乵乮乣乨乥乤 乮乥乡乲 乴乨乥 乳乵买乥乲乭乡乳乳乩乶乥 乂么丮 乔乨乥 乣乯乲乥中乳乨乩书乴 乴乥乣乨乮乩乱乵乥
乨乡乳 乢乥乥乮 乵乳乥乤 乴乯 乤乥乴乥乲乭乩乮乥 乴乨乥 乬乯乣乡乴乩乯乮 乯书 乴乨乥 乣乥乮乴乲乡乬 乂么 乯乲 乴乨乥 乯乲乩乧乩乮 乯书 乴乨乥 乲乡乤乩乯 乪乥乴丮
乔乨乥乲乥 乩乳 乡 乢乲乩乧乨乴 乣乯乭买乡乣乴 乲乡乤乩乯 习乣乯乲乥丧 乩乮 乴乨乥 乵买乳乴乲乥乡乭 乯书 乪乥乴乳丮 乏乢乳乥乲乶乥乤 乯丛乳乥乴乳 乯书 乴乨乥 乣乯乲乥
买乯乳乩乴乩乯乮 乡乴 乤乩丛乥乲乥乮乴 书乲乥乱乵乥乮乣乩乥乳 乨乡乶乥 乢乥乥乮 乲乥买乯乲乴乥乤 书乯乲 乳乥乶乥乲乡乬 乳乯乵乲乣乥乳丮 乗乨乥乮 乴乨乥 乣乯乲乥 买乯乳乩乴乩乯乮乳
乣乯乲乲乥乳买乯乮乤 乴乯 乴乨乥 乳乵乲书乡乣乥 乷乨乥乲乥 乴乨乥 乯买乴乩乣乡乬 乤乥买乴乨 书乯乲 乴乨乥 乳乹乮乣乨乲乯乴乲乯乮 乳乥乬书中乡乢乳乯乲买乴乩乯乮 乢乥乣乯乭乥乳
乵乮乩乴乹丬 乴乨乥 乯买乴乩乣乡乬 乴乨乩乣乫乮乥乳乳 乤乥乣乲乥乡乳乥乳 乡乴 乨乩乧乨乥乲 书乲乥乱乵乥乮乣乩乥乳丬 乡乮乤 乴乨乥 买乯乳乩乴乩乯乮 乯书 乴乨乥 乣乯乲乥 乭乯乶乥乳
乴乯乷乡乲乤 乴乨乥 乪乥乴 乯乲乩乧乩乮 丨之乯乮乩乧乬 丱丹丸丱主 乂乬乡乮乤书乯乲乤 乡乮乤 之件乮乩乧乬 丱丹丷丹主 乌乯乢乡乮乯乶 丱丹丹丸主 乏丧乓乵乬乬乩乶乡乮 乡乮乤
乇乡乢乵乺乤乡 串丰丰丹丩丮 乔乨乥 乣乯乲乥乳 乧乥乮乥乲乡乬乬乹 乨乡乶乥 丝乡乴 乯乲 乩乮乶乥乲乴乥乤 乳买乥乣乴乲乡丬 乩丮乥丮丬 乴乨乥 乳买乥乣乴乲乡乬 乩乮乤乥乸 α
乩乳 α > 0丮 乔乨乥 乯买乴乩乣乡乬 乤乥买乴乨 乯书 乴乨乥 乳乹乮乣乨乲乯乴乲乯乮 乳乥乬书中乡乢乳乯乲买乴乩乯乮 乩乳 乤乥乳乣乲乩乢乥乤 乢乹 τ(rcore) ∝
r(1.5−α)m+n−1ν2.5−α 丨乥丮乧丮丬 乒乹乢乩乣乫乩 乡乮乤 乌乩乧乨乴乭乡乮 丱丹丸丶丩丬 乷乨乥乲乥 rcore 乩乳 乴乨乥 乤乩乳乴乡乮乣乥 书乲乯乭 乴乨乥
乂么丬 m 乡乮乤 n 乡乲乥 乴乨乥 买乯乷乥乲中乬乡乷 乩乮乤乥乸 乯书 乴乨乥 乲乡乤乩乡乬 乤乥买乥乮乤乥乮乣乥 乯书 乴乨乥 乭乡乧乮乥乴乩乣 东乥乬乤 乳乴乲乥乮乧乴乨
丨B ∝ r−mcore丩 乡乮乤 乴乨乥 买乡乲乴乩乣乬乥 乮乵乭乢乥乲 乤乥乮乳乩乴乹 丨N ∝ r−ncore丩丬 乲乥乳买乥乣乴乩乶乥乬乹丮 乔乨乥 买乯乳乩乴乩乯乮 乯书 乴乨乥 乲乡乤乩乯
乣乯乲乥丬 乷乨乥乲乥 τ = 1丬 书乯乬乬乯乷乳 rcore ∝ ν−(5−2α)/[(3−2α)m+2n−2] 丨之乯乮乩乧乬 丱丹丸丱主 乏丧乓乵乬乬乩乶乡乮 乡乮乤 乇乡乢乵乺乤乡
串丰丰丹丩丮 乗乨乥乮 α = 0丬 m = 1丬 乡乮乤 n = 2丬 rcore ∝ ν−1丮 么乡乤乡 乥乴 乡乬丮 丨串丰丱丱丩 乵乴乩乬乩乺乥乤 乴乨乩乳 乴乥乣乨乮乩乱乵乥
乡乮乤 乳乨乯乷乥乤 乴乨乡乴 乴乨乥 乣乯乲乥中乳乨乩书乴 书乯乲 乴乨乥 乍丸丷 乪乥乴 乢乹 乴乨乥 乱乵乡乳乩中乳乩乭乵乬乴乡乮乥乯乵乳 乯乢乳乥乲乶乡乴乩乯乮乳 乡乴 串丬
丵丬 丸丬 丱丵丬 串串丬 乡乮乤 临丳 乇么乺丮 乔乨乥乹 书乯乵乮乤 乴乨乡乴 rcore ∝ ν0.94±0.09丮 久乸乴乲乡买乯乬乡乴乩乮乧 乴乨乩乳 乲乥乬乡乴乩乯乮 乴乯
乴乨乥 乵买乳乴乲乥乡乭丬 乴乨乥乹 乣乯乮乳乴乲乡乩乮乥乤 乴乨乥 乬乯乣乡乴乩乯乮 乯书 乴乨乥 乣乥乮乴乲乡乬 乥乮乧乩乮乥 乯书 乴乨乥 乍丸丷 乪乥乴 乷乩乴乨乩乮 乴乨乥
10rS 乳乣乡乬乥丬 乷乨乥乲乥 rS 乩乳 乴乨乥 乓乣乨乷乡乲乺乳乣乨乩乬乤 乲乡乤乩乵乳丮 乔乨乥 乤乥买乲乯乪乥乣乴乥乤 乤乩乳乴乡乮乣乥 书乲乯乭 乴乨乥 乤乥乲乩乶乥乤
乪乥乴 乯乲乩乧乩乮 乡乮乤 乴乨乥 临丳 乇么乺 乣乯乲乥 乩乳 ≈ 14rS丬 乡乳乳乵乭乩乮乧 乴乨乥 乶乩乥乷乩乮乧 乡乮乧乬乥 乯书 乴乨乥 乍丸丷 乪乥乴 乩乳 15◦ 丨乣书丮
乗乡乮乧 乡乮乤 乚乨乯乵 串丰丰丹主 乍乥乲乴乥乮乳 乥乴 乡乬丮 串丰丱丶丩丮
2.4 Limb-brightened Structure
义乮 乳乥乶乥乲乡乬 乪乥乴乳丬 乩乮乣乬乵乤乩乮乧 乴乨乥 乯乮乥 乯书 乍丸丷丬 乴乨乥 乥乤乧乥乳 乯书 乴乨乥 乪乥乴 乡乲乥 乢乲乩乧乨乴乥乲 乴乨乡乮 乴乨乥 乲乥乧乩乯乮
乢乥乴乷乥乥乮 乴乨乥乭丮 乓乵乣乨 乥乭乩乳乳乩乯乮 乳乴乲乵乣乴乵乲乥 乩乳 乣乡乬乬乥乤 乴乨乥 习乬乩乭乢中乢乲乩乧乨乴乥乮乥乤丧 乳乴乲乵乣乴乵乲乥丮 乔乨乥 乬乩乭乢中
乢乲乩乧乨乴乥乮乥乤 乳乴乲乵乣乴乵乲乥 乯书 乴乨乥 乍丸丷 乪乥乴 乩乳 乣乯乮东乲乭乥乤 乢乥乴乷乥乥乮 ∼ 100− 105 rS 书乲乯乭 乴乨乥 乣乥乮乴乲乡乬 乂么丬
串丮临丮 乌义乍乂中乂乒义乇么乔久乎久乄 乓乔乒乕乃乔乕乒久 丱丳
乷乨乩乣乨 乡乲乥 乴乨乥 乤乥买乲乯乪乥乣乴乥乤 乬乥乮乧乴乨乳 乵乮乤乥乲 乴乨乥 乡乳乳乵乭买乴乩乯乮 乯书 乴乨乥 乶乩乥乷乩乮乧 乡乮乧乬乥 Θ = 15◦ 丨乣书丮
乗乡乮乧 乡乮乤 乚乨乯乵 串丰丰丹主 乍乥乲乴乥乮乳 乥乴 乡乬丮 串丰丱丶丩丮 之乯乶乡乬乥乶 乥乴 乡乬丮 丨串丰丰丷丩 乯乢乳乥乲乶乥乤 乴乨乥 乍丸丷 乪乥乴 乷乩乴乨
乖乌乂乁 乡乴 丱丮丵 乇么乺丮 乔乨乥 乲乥乳乯乬乵乴乩乯乮 乷乡乳 0.6 mas× 1.3 mas丮 乔乨乥乹 乳乨乯乷乥乤 乴乨乥 乬乩乭乢中乢乲乩乧乨乴乥乮乥乤
乳乴乲乵乣乴乵乲乥 乩乮 丱丰 中 丱丰丰 乭乡乳 书乲乯乭 乴乨乥 乣乯乲乥丮 乗乡乬乫乥乲 乥乴 乡乬丮 丨串丰丰丸丩 乳乴乡乣乫乥乤 丹 乥买乯乣乨乳 乯书 乯乢乳乥乲乶乡乴乩乯乮乳
乷乩乴乨 乖乌乂乁 乡乴 临丳 乇么乺 乡乮乤 乳乨乯乷乥乤 乴乨乥 乬乩乭乢中乢乲乩乧乨乴乥乮乩乮乧 书乥乡乴乵乲乥 乩乮 丱 中 丱丰 乭乡乳丮 乔乨乥 乢乥乡乭 乳乩乺乥
乷乡乳 0.4 mas× 0.2 mas丮 义乮 么乡乤乡 乥乴 乡乬丮 丨串丰丱丶丩丬 乴乨乥 乩乭乡乧乥乳 乷乥乲乥 乯乢乴乡乩乮乥乤 乡乴 丸丶 乇么乺 乢乹 乖乌乂乁
乣乯乮乮乥乣乴乥乤 乴乯 乇乲乥乥乮 乂乡乮乫 乔乥乬乥乳乣乯买乥 丨乇乂乔丩丮 乔乨乥 乲乥乳乴乯乲乩乮乧 乢乥乡乭 乳乩乺乥 乷乡乳 0.25 mas×0.08 mas丬
乷乨乩乣乨 乲乥乳乯乬乶乥乤 ∼ 10rS丮 乔乨乥 乳乴乲乵乣乴乵乲乥 乷乡乳 乳乥乥乮 书乲乯乭 ∼ 0.2 乭乡乳 乴乯 ∼ 1 乭乡乳 乡乳 乳乨乯乷乮 乩乮
乆乩乧乵乲乥 串丮串丮 乍乥乲乴乥乮乳 乥乴 乡乬丮 丨串丰丱丶丩 乡买买乬乩乥乤 乴乨乥 乷乡乶乥乬乥乴中乢乡乳乥乤 乩乭乡乧乥 乳乥乧乭乥乮乴乡乴乩乯乮 乡乮乤 乥乶乡乬乵乡乴乩乯乮
丨乗义乓久丩 乭乥乴乨乯乤 乴乯 丱丱 乩乭乡乧乥乳 乯乢乳乥乲乶乥乤 乩乮 串丰丰丷 乡乴 临丳 乇么乺 乢乹 乖乌乂乁 乡乮乤 书乯乵乮乤 乴乨乡乴 乴乨乥 乢乲乩乧乨乴
乣乯乭买乯乮乥乮乴乳 乡乬乯乮乧 乴乨乥 乳乯乵乴乨乥乲乮 乡乮乤 乮乯乲乴乨 乬乩乭乢 乩乮 乴乨乥 乳乴乡乣乫乥乤 乩乭乡乧乥 乡乬乯乮乧 乷乩乴乨 乴乨乥 乢乲乩乧乨乴
乣乥乮乴乲乡乬 乣乯乭买乯乮乥乮乴 乡乮乤 乴乨乥 乶乥乬乯乣乩乴乹 乤乩乳乴乲乩乢乵乴乩乯乮丮 之乩乭 乥乴 乡乬丮 丨串丰丱丸丩 乡乬乳乯 乳乴乡乣乫乥乤 乯乢乳乥乲乶乡乴乩乯乮乳
乯书 丵 乥买乯乣乨 书乲乯乭 串丰丰临 乴乯 串丰丱丵 乡乴 丸丶 乇么乺 乡乮乤 乲乥乳乴乯乲乥乤 乴乨乥 乳乴乡乣乫乥乤 乩乭乡乧乥乳 乡乴 ∼ 7− 100rS 书乲乯乭
乴乨乥 乂么 乷乩乴乨 乴乨乥 乢乥乡乭 乳乩乺乥乳 乯书 0.3 mas× 0.1 乭乡乳 乡乮乤 0.123 mas× 0.051 乭乡乳丬 乷乨乥乲乥 0.051 乭乡乳
乣乯乲乲乥乳买乯乮乤乳 乴乯 乡 乳买乡乴乩乡乬 乲乥乳乯乬乵乴乩乯乮 乯书 ≈ 7rS 乡乮乤 乲乥乡乣乨 乴乨乥 乳乭乡乬乬 乳买乡乴乩乡乬 乳乣乡乬乥丮 乗乡乬乫乥乲 乥乴 乡乬丮
丨串丰丱丸丩 乳乴乡乣乫乥乤 乴乨乥 乡乮乮乵乡乬 乯乢乳乥乲乶乡乴乩乯乮乳 乴乨乡乴 乳买乡乮 丱丷 乹乥乡乲乳 乷乩乴乨 乴乨乥 乖乌乂乁 乡乴 临丳 乇么乺 乷乩乴乨 乴乨乥
乢乥乡乭 乳乩乺乥 乯书 0.43 mas × 0.21 乭乡乳丮 之乩乭 乥乴 乡乬丮 丨串丰丱丸丩 乡乮乤 乗乡乬乫乥乲 乥乴 乡乬丮 丨串丰丱丸丩 乲乥买乯乲乴乥乤 乴乨乡乴
乴乨乥乲乥 乡乲乥 乢乲乩乧乨乴 乣乯乭买乯乮乥乮乴乳 乢乥乴乷乥乥乮 乴乨乥 乬乩乭乢乳 丨乳乥乥 乓乥乣乴乩乯乮 串丮丵丩丮
乆乯乲 乯乴乨乥乲 乥乸乡乭买乬乥乳丬 乴乨乥 乪乥乴 乯书 乍乲乫 丵丰丱丬 乍乲乫 临串丱丬 乃乹乧 乁丬 乡乮乤 丳乃 丸临 乡乬乳乯 乨乡乶乥 乬乩乭乢中
乢乲乩乧乨乴乥乮乥乤 乳乴乲乵乣乴乵乲乥乳丮 乍乲乫 丵丰丱 乩乳 乯乮乥 乯书 乴乨乥 乷乥乬乬中乯乢乳乥乲乶乥乤 乔乥乖 乢乬乡乺乡乲乳丮 乏乢乳乥乲乶乡乴乩乯乮乳 乢乹 乖乌乂乁
乡乴 临丳 乇么乺 乲乥乶乥乡乬乥乤 乴乨乥 乬乩乭乢中乢乲乩乧乨乴乥乮乥乤 乳乴乲乵乣乴乵乲乥 乡乴 乡乲乯乵乮乤 丱 乭乡乳 书乲乯乭 乴乨乥 乣乯乲乥 丨乆乩乧乵乲乥 串丮丳丬
乐乩乮乥乲 乥乴 乡乬丮 串丰丰丹丩丮 乔乨乥 乳乵乲书乡乣乥 乢乲乩乧乨乴乮乥乳乳 乲乡乴乩乯 乢乥乴乷乥乥乮 乴乨乥 乬乩乭乢乳 乡乮乤 乢乥乴乷乥乥乮 乴乨乥乭 乩乳 乬乡乲乧乥乲
乴乨乡乮 丱丰为丱丮 乐乩乮乥乲 乥乴 乡乬丮 丨串丰丰丹丩 乲乥买乯乲乴乥乤 乴乨乡乴 乴乨乥 乳乴乲乵乣乴乵乲乥 乷乡乳 乮乯乴 乯乢乳乥乲乶乥乤 乩乮 乴乨乥 丸丶 乇么乺
乯乢乳乥乲乶乡乴乩乯乮丮 乔乨乥乹 乣乯乮乳乩乤乥乲乥乤 乴乨乡乴 乴乨乥 乢乲乩乧乨乴 乳买乯乴 乩乮 乴乨乥 乷乥乳乴乥乲乮 乬乩乭乢 乣乯乲乲乥乳买乯乮乤乥乤 乴乯 乴乨乥
乩乳乯乬乡乴乥乤 乫乮乯乴 乯乢乳乥乲乶乥乤 乡乴 丸丶 乇么乺 乩乮 乇乩乲乯乬乥乴乴乩 乥乴 乡乬丮 丨串丰丰丸丩丮 乍乲乫 临串丱 乩乳 乡乬乳乯 乡 乔乥乖 乢乬乡乺乡乲丮 乔乨乥
乬乩乭乢中乢乲乩乧乨乴乥乮乥乤 乳乴乲乵乣乴乵乲乥 乷乡乳 乯乢乳乥乲乶乥乤 乢乹 乖乌乂乁 乡乴 临丳 乇么乺 乡乳 乳乨乯乷乮 乩乮 乆乩乧乵乲乥 串丮临 丨乐乩乮乥乲
乥乴 乡乬丮 串丰丱丰丩丮 乔乨乥 乳乵乲书乡乣乥 乢乲乩乧乨乴乮乥乳乳 乲乡乴乩乯 乢乥乴乷乥乥乮 乴乨乥 乬乩乭乢乳 乡乮乤 乢乥乴乷乥乥乮 乴乨乥乭 乩乳 乬乡乲乧乥乲 乴乨乡乮
丱临 乃么乁乐乔久乒 串丮 乒乁乄义乏 乏乂乓久乒乖乁乔义乏乎乓 乏乆 乁乇乎 乊久乔乓
183C273 43 GHz RMc c cD ~ D + D ~ . Regarding M87, its
EVPA uncertainty in 86 GHz images would be somewhat
larger than this value, since the lower S/N of polarization
signals (S/N!!!4.5; see Section 3.4) from this source gives
another non-negligible thermal error term. This can be
estimated as Pradian 2therm p( )c sD ~ where ps and P are
rms noise level and polarized intensity in the polarization
map!(e.g., Roberts et al. 1994). With S/N!=!P ps !!4.5, we
obtain 6therm,M87cD ~ . Assuming that 3C273cD and
therm,M87cD are statistically independent, we estimate a total
error budget for M87 to be M87cD !!!±20°.
2.3. Lower-frequency Data
As supplementary data sets, we additionally made VLBA-
only observations of M87 at 24 and 43 GHz close in time with
the 86 GHz sessions. The observations were carried out on
2014 March 8, 26, and May 8, where both 24 and 43 GHz were
used quasi-simultaneously by alternating the receivers quickly.
On March 26 and May 8, all the VLBA stations were present,
while on March 8 the antennas at Mauna Kea and Fort Davis
were absent. We received only RR polarization signals with a
total bandwidth of 128MHz (on March 8) or 256MHz (on
March 26 and May 8). Among these sessions, the data on
March 26 were the best in overall quality, while the data on
March 8 were relatively poor. The initial data calibration
(a priori amplitude correction, fringe-!tting, and bandpass) was
made in AIPS, and the subsequent image reconstruction was
performed in Difmap based on the usual CLEAN/self-
calibration procedure. The basic information of these data is
also tabulated in Table 1.
3. RESULTS
3.1. New 86 GHz Images
In Figure 3 we show a representative 86 GHz image of the
M87 jet obtained by our VLBA+GBT observations. For a
better visualization, the image is produced by combining the
visibility data over the two epochs, and restored with a
convolving beam of 0.25 mas !!0.08 mas at a position angle
(PA) of 0°. A contour image with a natural weighting scheme is
also displayed in the top panel of Figure 4.
Thanks to the signi!cant improvement in sensitivity, a
detailed jet structure was clearly imaged down to the weaker
emission regions. The resulting image rms noise of the
combined image was !0.28 mJy beam!1. In this period the
extended jet was substantially bright down to !1 mas from the
core. The weak emission was detected (particularly in the
southern limb) down to !3 mas from the core at a level of 3!,
and another !1–2 mas at 2!. The peak surface brightness of the
image was 500 mJy beam!1 at this resolution, corresponding to
an image dynamic range greater than 1500 to 1 (the detailed
value varies slightly as a function of the weighting scheme and
convolving beam). This is the highest image dynamic range
obtained so far at 86 GHz for this jet, and is quite comparable
to typical dynamic ranges in VLBA images at 43 GHz!(e.g., Ly
et al. 2007). We describe a comparison of our 86 and 43 GHz
images in the next subsection.
Figure 3. VLBA+GBT 86 GHz false-color total intensity image of the M87 jet. The image is produced by combining the visibility data over the two epochs on 2014
February 11 and 26. The restoring beam (0.25 mas !!0.08 mas at PA 0°) is shown in the bottom-right corner of the image. The peak intensity is 500 mJy beam!1 and
the off-source rms noise level is 0.28 mJy beam!1, where the resulting dynamic range is greater than 1500 to 1.
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Figure 2.2: VLBA+GBT 86 GHz total intensity image of the M87 jet. The beam size is 0.25 mas×
0.08 mas as shown in the bottom-right corner. Figure adopted from Hada et al. (2016).
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Figure 1. VLBA images of Markarian 501 at 86 and 43 GHz. Axes are labeled in milliarcseconds (mas). The 86 GHz image has a beam size of 0.30 by 0.11 mas at
position angle !13", a peak flux density of 221 mJy beam!1, and a lowest contour of 4.0 mJy beam!1. The 43 GHz images are all restored with the same beam size of
0.50 by 0.19 mas at position angle !14" (the average beam size from the three epochs). Peak flux densities in the 43 GHz images are 278, 221, and 179 mJy beam!1.
The lowest contours in the 43 GHz images are 2.1, 3.0, and 3.4 mJy beam!1. The lowest contours are all set to three times the rms noise level. Subsequent contours
increase by factors of two. The feature evident at #2.5 mas from the core in the 2005 June 21 image may be associated with the component C3 described in Edwards
& Piner (2002), and is only detected at this epoch.
limb was well-fit by a long, thin, elliptical Gaussian oriented
approximately along the jet direction. These elliptical Gaus-
sians are labeled “eastern limb” and “western limb” in the
model-fits in Table 1. Recall that east and west are reversed
on the images relative to their standard directions. That region
of the jet corresponds to the region that was fit by a single
stationary Gaussian component (called C4) in our earlier work
at lower resolution (Edwards & Piner 2002). These observa-
tions then confirm what was already noted about this source
by G04; that at higher resolutions the jet has a limb-brightened
structure that cannot be well represented by a single Gaussian
component.
3. RESULTS AND DISCUSSION
3.1. VLBI Core
The model-fit to the VLBI core at 86 GHz is a 231 mJy
ellipse of size 0.045 by 0.021 mas. The major axis is resolved,
but not the minor axis—the upper limit on the minor axis size
is < 0.030 mas, corresponding to a brightness temperature
> 3 $ 1010 K. The model-fit constrains the most compact radio
emission in Mrk 501 to come from a size less than 300 $ 200
Schwarzschild radii, the same size upper limit that was found by
G08. Comparing to the 86 GHz image of this source from 2005
October by G08, we note that G08 used the Global Millimeter
VLBI Array (GMVA), so their beam size is about a factor of
2–3 times smaller. They resolve the central region into three
components, a core and two components that may represent the
broad base of the limb-brightened jet; these features are likely
blended with the core in our lower resolution image. G08 find
a total flux density of 110 mJy in the core region, less than our
measured core flux density, but Mrk 501 faded between 2005
May and September at 43 GHz, and likely did so at 86 GHz as
well.
The spectral index of the core between 43 and 86 GHz (with
sign convention S % !+"), measured using the model-fit core
components from 2005 May, is !0.6 ± 0.2, assuming 10%
and 20% accuracies for the amplitude calibrations at 43 and
86 GHz, respectively (from correction factors given by the
gscale command in Difmap). This is consistent with the value
of !0.5 measured for the high-frequency spectral index by G04
and G08. The flux density of the VLBI core drops at 43 GHz over
our three epochs, from 344 to 255 mJy (0.10 probability of no
variation, assuming 10% amplitude errors). A major gamma-ray
flare was detected just nine days after our second epoch (Albert
et al. 2007), but this does not seem to have manifested in a VLBI
core flare, at least not at any of our epochs. A similar fading of
the VLBI core during a time of high TeV activity was seen by
Charlot et al. (2006) in Mrk 421.
3.2. Limb-Brightened Jet
The major result of this work is the detection of the prominent
limb-brightening of the jet in its inner parsec in the three 43 GHz
images, definitively confirming a spine–layer structure in this
region of the jet. The limb-brightening is prominent enough that
the model-fits yield separate elliptical Gaussian components for
each limb of the jet, allowing us to make measurements of the
layer properties free from beam convolution effects.
Figure 2 shows the transverse brightness across the jet from
the CLEAN image from the third epoch, at a distance of
0.75 mas (0.5 pc projected) from the core. From such transverse
brightness plots, or from the model-fits, we can set lower limits
on the layer/spine brightness ratio. The layer/spine brightness
ratio in Figure 2 is about 5:1, and although the measured
ratio changes with epoch and distance from the core, this is
close to its median value of 6:1. This ratio is a lower limit,
because the images used to obtain the transverse plots have
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Table 1
Elliptical Gaussian Models
Epoch Frequency Component S r P.A. a b/a !
(1) (GHz) (3) (mJy) (mas) (deg) (mas) (8) (deg)
(2) (4) (5) (6) (7) (9)
2005 May 21 86 Core 231 . . . . . . 0.045 0.46 23.3
2005 May 21 43 Core 344 . . . . . . 0.137 0.81 !89.1
Eastern limb 60 0.67 143.5 1.128 0.21 !24.3
Western limb 58 0.68 178.1 0.832 0.26 !24.6
2005 Jun 21 43 Core 269 . . . . . . 0.139 0.77 !68.7
Eastern limb 62 0.93 152.8 1.778 0.12 !11.1
Western limb 28 0.67 178.5 0.511 0.19 !23.3
2005 Sep 3 43 Core 255 . . . . . . 0.228 0.66 !35.5
Eastern limb 39 0.62 137.0 1.146 0.07 !25.1
Western limb 48 0.76 175.1 0.645 0.36 !17.9
Note. Column (4): flux density in millijanskys. Columns (5) and (6): polar coordinates of the center of the
component relative to the core. Position angle is measured from north through east. Columns (7)–(9): FWHM of
the major axis, axial ratio, and position angle of the major axis.
Figure 2. Transverse brightness across the jet from the CLEAN image from 2005
Sep 3, at a distance of 0.75 mas (0.5 pc projected) from the core. The CLEAN
components representing the c re have been subtracted to avoid contamination
from core emission.
been convolved with the CLEAN beam. From the model-fits,
we place a 3" lower limit on the layer/spine brightness ratio
of >10:1, by comparing the peak surface brightness of the limb
model components in Table 1 to three times the rms noise level.
These measured ratios can be compared to that predicted
by the geometric model for limb-brightening in this source by
G04. In that model, limb-brightening is due to the slower layer
acquiring a higher Doppler factor than the fast spine after a
bend of the jet away from the line of sight. In this jet region,
G04 estimate #layer " 5 and #spine " 2. Using the beaming
exponent for a continuous jet, (2 ! $), where $ = !0.5, and
assuming equal unbeam d emission for the spine and layer,
the G04 model predicts a brightness ratio of 10, just consistent
with our observed upper limit. More sophisticated models for
transverse structures (e.g., Ghisellini et al. 2005; Zakamska
et al. 2008) do not invoke jet bending, and instead rely on
different emissivities in the spine and layer (see, e.g., Figure 4
in Zakamska et al. 2008).
A series of transverse brightness plots like that in Figure 2
may be used to produce a plot of the peak brightness in each limb
as a function of distance from the core. Features in the limbs
may then tentially be foll wed in time to yield an estimate of
the apparent pattern speed in the layer. Figure 3 shows the peak
brightness in the eastern and western limbs versus distance from
Figure 3. Peak brightness in each limb as a function of distance from the core
in the CLEAN image from 2005 June 21. The peak brightness in the western
limb is plotted as a solid line, the peak brightness in the eastern limb is plotted
as a dashed line.
the core for the second epoch. Note the different locations of the
peak emission in the western and eastern limbs. Over the three
epochs, the location of the peak in the eastern limb remains
stationary, but the location of the peak in the western limb
changes from r = 0.425 to 0.50 to 0.825 mas from the core (this
is also visible in the CLEAN images in Figure 1). If interpreted
as a pattern speed, this yields an apparent speed of 3.3 ± 0.3c
in the western limb. Such a speed is consistent with the spine–
layer model for this source proposed by G04. They model the
layer at this distance from the core with a Lorentz factor of
3 and an angle to the line of sight of 15#, which would yield
an apparent speed of 3c.4 This apparent speed measurement
should be regarded as tentative; further 43 GHz observations of
Mrk 501 to be taken this year should provide more data on the
time evolution of the layer structure (for example, will helical
motion be observed for layer features if monitored over a longer
time range?).
Because the jet is transversely resolved, we can measure the
jet width and apparent opening angle as a function of distance
from the core. The apparent opening half angle of the jet in the
G08 86 GHz image is very wide (" 40#) at about 0.1 mas from
the core, but this opening angle does not persist—the plots of jet
4 In this case, the stationary feature in the eastern limb may simply be one of
the stationary patterns common to blazar jets, which often show moving and
stationary patterns in the same source, e.g., Jorstad et al. (2001).
Figure 2.3: Left panel: One 86 GHz image and three 43 GHz images of Mrk 501 observed by
VLBA. The limb-brightened structures are observed in all 43 GHz images but not in 86 GHz. The
b am size of 86 GHz imag is 0.30 mas×0.11 mas and the one of 43 GHz images is 0.50 mas×0.19 mas.
The axes are in the unit of milliarcseconds. Right panel: The transverse brightness across the jet at
a distance of 0.75 mas observed on Sep 3, 2005. Figures adopted from Pi er et al. (2009)
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Figure 9. Limb brightening in Mrk 421. The contour image is the same as that
shown for the corresponding date in Figure 2. The color image is the same total
intensity image with the CLEAN components representing the core subtracted,
and super-resolved by a factor of 2 transverse to the jet. The super-resolved beam
is shown at the bottom right. With the contaminating core emission removed,
the limb-brightened jet emission is very prominent.
is produced in the layer, causing the limb brightening. For
example, Sahayanathan (2009) explains the limb brightening in
Mrk 501 by shear acceleration of electrons at the jet boundary.
Zakamska et al. (2008) find a solution for relativistic jet flow
that involves a pileup of material along the jet boundary,
producing a limb-brightened structure in synchrotron emission.
Limb brightening has also been interpreted in terms of the
Kelvin–Helmholtz instability acting at the jet boundary; see
the discussion of these models in the context of the M87 jet by
Kovalev et al. (2007). Transverse velocity structures may also
naturally arise in these models as well.
It is significant that extremely similar transverse structures are
now seen in the two closest and brightest TeV blazars (Mrk 421
and Mrk 501). If this becomes established as a common property
of the TeV blazars, then it would be difficult to interpret all of
these cases in terms of geometrical models that require precise
amounts of jet bending (Giroletti et al. 2004b, 2006), and models
where such emission structures arise independent of a specific
bending geometry would be favored.
4.1.2. Transverse Polarization Structures
In this subsection, we discuss the transverse structures that
are seen in the linear polarization images of Mrk 421, Mrk 501,
and 1ES 1959+650 at 22 GHz. Those polarization images are
displayed in Figure 8. We first note that all of the innermost jet
components detected with significant polarization (C7 in Mrk
421, C4 in Mrk 501, and C2 in 1ES 1959+650, see Table 4) have
their EVPA essentially parallel to the jet direction, as is also
common in the BL Lac objects present in the MOJAVE survey,
which are predominantly low-frequency-peaked BL Lac objects
(LBLs; Lister & Homan 2005). Inspection of those jet regions
in Figure 8 also shows that transverse structure in the linear
polarization is evident in those same regions; this transverse
structure in all three of these sources shows what is commonly
referred to as a spine-sheath structure, with a parallel EVPA
Figure 10. Transverse brightness across the jet of Mrk 421 from the color
image in Figure 9, at a distance of 0.25 mas (0.15 pc projected) from the core.
The CLEAN components representing the core have been subtracted to avoid
contamination from core emission.
along the jet axis, and an orthogonal EVPA at the jet edges,
along with an increase in fractional polarization at the jet edges.
This spine-sheath polarization structure has already been
well established by other authors for Mrk 501 (Gabuzda et al.
2004; Pushkarev et al. 2005; Giroletti et al. 2008; Croke et al.
2010). Here, we confirm this structure in Mrk 501 at 22 GHz,
and we report the detection of similar transverse polarization
structures in both Mrk 421 and 1ES 1959+650. Figure 11 shows
the distribution of EVPA!JPA (electric vector position angle
compared to the jet position angle) versus transverse distance
from the jet axis in Mrk 421, Mrk 501, and 1ES 1959+650 at a
separation of 0.7 mas from the core in each source. (A separation
of 0.7 mas was chosen in order to be significantly far from the
core, but still in a region of high supernova remnant, SNR.) All
three plots are very similar, with the EVPA!JPA approaching
0" in the center of the jet, and 90" at at least one of the edges of
the jet. The transverse distances chosen in Figure 11 show the
maximum extent of the EVPA rotation in each jet.
Figure 12 shows the distribution of fractional polarization
along the same three slices as in Figure 11. The fractional
polarization behavior is also similar for all three sources, with
fractional polarization increasing rapidly near the jet edges. This
fractional polarization effect was also seen for Mrk 501 by
Pushkarev et al. (2005) (their Figure 11). Note that the EVPA
rotation shown in Figure 11 occurs closer to the jet axis than
the fractional polarization increase shown in Figure 12, so that
Figure 12 shows a greater transverse distance for each source. In
both Figures 11 and 12, all plotted points have total and polarized
intensities exceeding three times the corresponding noise levels.
Statistical errors in the plotted quantities are smaller near the jet
axis (higher SNR), and rise to up to #10" in EVPA (Figure 11)
and #0.15 in fractional polarization (Figure 12) near the lower
SNR jet edges.
The theory of such transverse polarization structures in
the context of the intrinsic magnetic field geometry has been
discussed by, e.g., Lyutikov et al. (2005) and Zakamska et al.
(2008). (Rotation measure gradients in some blazar jets (e.g.,
Asada et al. 2002; Gabuzda et al. 2004; Gómez et al. 2008)
argue in favor of such structures being due to intrinsic magnetic
field geometry, rather than a series of shocks interacting with
a surrounding medium.) Lyutikov et al. (2005) argue that
transverse EVPA distributions like those in Figure 11 are
consistent with a large-scale helical magnetic field in a resolved
cylindrical jet. They conclude that these structures provide
evidence that “the jet emissivity is confined to a narrow region
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Figure 9. Limb brightening in Mrk 421. The contour image is the same as that
shown for the corresponding date in Figure 2. The color image is the same total
intensity image with the CLEAN components representing the core subtracted,
and super-resolved by a factor of 2 transverse to the jet. The super-resolved beam
is shown at the bottom right. With the contaminating core emission removed,
the limb-brightened jet emission is very prominent.
is produced in the layer, causing the limb brightening. For
example, Sahayanathan (2009) explains the limb brightening in
Mrk 501 by shear acceleration f electrons at the j t boundary.
Zakamska et al. (2008) find a solution for relativistic jet flow
that involves a pileup of material along the jet boundary,
producing a limb-brightened structure in synchrotron emission.
Limb brightening has also been nterpreted in terms of th
Kelvin–Helmholtz instability acting at the jet boundary; see
the discussion of these models in the context of the M87 jet by
Kovalev et al. (2007). Transverse veloci y structures may also
naturally arise in these models as well.
It is significant that extremely similar transverse structures are
now seen in the two closest and brightest TeV blazars (Mrk 421
and Mrk 501). If this becomes established as a common property
of the TeV blazars, then it would be difficult to interpret all of
these cases in terms of geomet i al models that require preci e
amounts of jet bending (Giroletti et al. 2004b, 2006), and models
where such emission structures arise independent of a specific
bending geometry would be favored.
4.1.2. Transverse Polarization Structures
In this subsection, we discuss the transverse structures that
are seen in the linear polarization images of Mrk 421, Mrk 501,
and 1ES 1959+650 at 22 GHz. Those polarization images are
displayed in Figure 8. We first note that all of the innermost jet
components detected with significant polarization (C7 in Mrk
421, C4 in Mrk 501, and C2 in 1ES 1959+650, see Table 4) have
their EVPA essentially parallel to the jet direction, as is also
common in the BL Lac objects present in the MOJAVE survey,
which are predominantly low-frequency-peaked BL Lac objects
(LBLs; Lister & Homan 2005). Inspection of those jet regions
in Figure 8 also shows that transverse structure in the linear
polarization is evident in those same regions; this transverse
structure in all three of these sources shows what is commonly
referred to as a spine-sheath structure, with a parallel EVPA
Figure 10. Transverse brightness across the jet of Mrk 421 from the color
image in Figure 9, at a distance of 0.25 mas (0.15 pc projected) from the core.
Th CLEAN components representing the core have been subtracted to avoid
contamination from core emission.
along the jet axis, and an orthogonal EVPA at the jet edges,
along with an increase in fractional polarization at the jet edges.
This spine-sheath polarization structure has already been
well established by other authors for Mrk 501 (Gabuzda et al.
2004; Pushkarev et al. 2005; Giroletti et l. 2008; Croke et al.
2010). Here, we confirm this structure in Mrk 501 at 22 GHz,
and we report th detection of similar transverse pol rization
structures in both Mrk 421 and 1ES 1959+650. Figure 11 shows
the distribution of EVPA!JPA (electric vector position angle
compared to the jet posit angle) versus transverse distance
from the jet axis in Mrk 421, Mrk 501, and 1ES 1959+650 at a
se aration of 0.7 mas from the core in each source. (A separation
of 0.7 mas was chosen in orde to be s gnificantly far from the
core, but still in a region of high supernova remnant, SNR.) All
three plots are very similar, with the EVPA!JPA approaching
0" in the center of the jet, d 90" at at least one of the edges of
the jet. The transverse distances chosen in Figure 11 show the
aximum extent of the EVPA rotation in each jet.
Figure 12 shows the distributio of fracti nal polarization
along the same three slices as in Figure 11. The fractional
polarization behavior is also similar for all three sources, with
fractional polarization increasing rapidly n ar the jet edg s. This
fractional polarization effect was also seen for Mrk 501 by
Pushkarev et al. (2005) (their Figure 11). Note that the EVPA
rotation shown in Figure 11 occurs closer to the jet axis than
the fractional polarization increase shown in Figure 12, so that
Figure 12 shows a greater transverse distance for each source. In
both Figures 11 and 12, all plotted points have total and polarized
intensities exceeding three times the corresponding noise levels.
Statistical errors in the plotted quantities are smaller near the jet
axis (higher SNR), and rise to up to #10" in EVPA (Figure 11)
and #0.15 in fractional polarization (Figure 12) near the lower
SNR jet edges.
The theory of such transverse polarization structures in
the context of the intrinsic magnetic field geometry has been
discussed by, e.g., Lyutikov et al. (2005) and Zakamska et al.
(2008). (Rotation measure gradients in some blazar jets (e.g.,
Asada et al. 2002; Gabuzda et al. 2004; Gómez et al. 2008)
argue in favor of such structures being due to intrinsic magnetic
field geometry, rather than a series of shocks interacting with
a surrounding medium.) Lyutikov et al. (2005) argue that
transverse EVPA distributions like those in Figure 11 are
consistent with a large-scale helical magnetic field in a resolved
cylindrical jet. They conclude that these structures provide
evidence that “the jet emissivity is confined to a narrow region
Figure 2.4: Left panel: The 43 GHz image of Mrk 421 observed by VLBI. Th color image
represents the same total intensity image as the contours, but the core component is subtracted, and
the beam size is 2 times smaller. The super-resolved size is presented in the bottom right corner.
Right panel: The transver e brightness across the jet at a distance of 0.25 mas from the core. Figure
a opted from Piner et l. (2010).
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Figure 2.5: Left panel: The total intensity map of 3C 84 at 43 GHz observed with VLBA. The
beam size is 0.24 mas × 0.13 mas shown in the bottom-left corner of the image. Right panel: The
transverse slice across the jet. The left and right plots are along the dotted line (a) and (b) in the left
panel. Figures adopted from Nagai et al. (2014).
(S(!)!!!!") around the vicinity of the core (<5 mas from the
core), then it becomes steeper (<"1) beyond 10 mas from
the core.
We show that the streamline pro!le of the inner ridgeline
does not seem to be as simple compared to the outer ridgelines.
In addition, since the spectral index in the region where we
detected the inner ridgeline at 5 GHz indicates the optically
thick nature of the jet, it is not easy to conclude if we are
observing the same portion of the jet due to the opacity effect.
Therefore, we are not able to conclude if those inner ridgelines
we detected at two different frequencies belong to the same
streamline or not. If the origin of the inner ridgeline at 1.6 and
5 GHz is the same, it suggests that the jet initially expands
downstream of the jet, and recollimates toward the jet axis
beyond 2000 rs. If the origin is different, it suggests that we are
observing different jet streamlines at different frequencies due
to the opacity effect. Th refore, it is important to conduct a
spectral study of this inner ridgeline in the future. Nevertheless,
we conclude that there is a feature which exists between the
two outer ridgelines and has a narrower size.
These outer and inner streamline structures resemble a spine-
sheath jet structure, which has been suggested to consist of a
fast relativistic spine surrounded by an outer slower "ow
(Laing & Bridle 2002). The origin of these two independent
out"ows is less clear. One possibility is that those different
behaviors re"ect different streamlines of the same origin: as a
consequence of different mass-loadings, bulk speeds, and
particle contents resulting in the internal structure of the same
jet. Another possibility is that these two streamlines have
different origin: consisting of a hybrid model of Blandford &
Znajek (1977) type jets and Blandford & Payne (1982)
type jets.
4.2. Origin of the Inner Ridgeline
One of the central quests in the study of relativistic jets from
active galactic nuclei is to reveal the formation mechanism of
the jet. In jet theory, two possibilities are generally discussed.
One is that the jet is formed by removing the angular
momentum of the accreting "ow (Blandford & Payne 1982).
The other is that the jet is formed by extracting the black hole!s
rotational energy (Blandford & Znajek 1977). When an MHD
"ow is highly magnetized, a condition which is expected to be
satis!ed in the region near the rotational axis of the black hole,
the force-free solution becomes a good approximation. The
parabolic force-free !eld con!guration around a non-rotating
black hole has been solved in Blandford & Znajek (1977). As a
naive investigation, a comparison between the streamline of the
inner ridgeline with the parabolic force-free !eld con!guration
in the Blandford & Znajek (1977) jet may reveal some clues as
to the jet origin, provided that the observed streamline roughly
represents the !eld line geometry. Hereafter, we refer to such a
solution as the “BZ jet solution.” The outermost streamline of
the BZ jet solution, which is anchored at the event horizon on
the equatorial plane, giving different spin parameters
(a!=!0–1), is illustrated with the shaded area in Figure 6.
The inner ridgeline observed at 5 GHz is quantitatively in good
agreement with this expected streamline, while that detected at
1.6 GHz deviates from the expected streamline. As we
discussed above, it is not clear whether the inner ridgelines at
the two different frequencies belong to the same origin or not.
However, in either case, we can conclude that the measured
radii are not wider than the expected outermost streamline from
the BZ jet solution. Therefore, we think the inner ridgelines
!rst revealed with VSOP observations are part of the central
spine presumably originating from the BZ jet solution in any
case, and it is an indication of the existence of the spinning
black hole. It is interesting that the jet radius measured with
VLBI observations at 230 GHz may be smaller than the radius
based on the analytic solution of the BZ jet solution. It may
indicate that the VLBI core size at 230 GHz has a similar origin
to the central spine and a different origin from the outer
ridgelines. However, we cannot conclude the origin at present,
due to the lack of imaging capability of current VLBI
observations at 230 GHz. Future submillimeter VLBI images
toward M87 should be crucial to con!rm this hypothesis.
Figure 4. Top: image of M87 at 1.6 GHz only with ground-based stations.
Contours are plotted at "1, 1, 2, ..., 1024!!!0.633 mJy beam"1, which is three
times the residual rms noise. Middle: images of the VSOP observation at
1.6 GHz with the uniform weighted synthesized beam. Contours are plotted at
"1, 1, 2 , ..., 1024!!!1 mJy beam"1. The red bar indicates the location of the
cross section we show in Figure 5. Bottom: VSOP image with restored beam of
1.0 mas, to highlight the inner ridgeline and for easy comparison with the
VSOP image at 5 GHz. The inner ridgeline is clearly seen.
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4.3. Nature of the Inner Ridgeline
The !rst detection of the inner ridgeline with VSOP images
is remarkable. The inner ridgeline is much more evident in the
1.6 GHz image compared to that of the 5 GHz for longer
distances. Therefore, one possible explanation for this spectral
pro!le is synchrotron cooling. The cooling due to synchrotron
loss is ef!cient at frequencies higher than the power-law break
frequency (e.g., Pacholczyk 1970). The break frequency, !T, is
expressed in terms of the magnetic !eld strength, B, and the
radiative age, t, as follows (Pacholczyk 1970):




















If we assume that the plasma age is 1.2 year, by dividing the
distance from the core of 10 mas by 2c (Walker et al. 2008),
and in order to have the break frequency less than 5 GHz, a
magnetic !eld strength of 0.5 G is estimated at 10 mas (5200 rs
in de-projection) from the core. If we simply assume
dominance of the toroidal magnetic !eld and the parabolic
streamline with a power-law index of 2, the expected magnetic
!eld strength in the vicinity, !3 rs, from the SMBH is 23 G.
This is in good agreement with the magnetic !eld strength
estimated with joint constraints on synchrotron self absorption,
size of the components, rotation measure, and kinematic power
of the jet (Kino et al. 2015). This is not so different from the
magnetic !eld which is used for general relativistic MHD
Figure 5. Left: cross section of the total intensity in the transeverse direction to the jet axis at 5 GHz. The cross section is derived at 4.7 mas downstream of the core.
Three ridgelines corresponding to the inner and outer two ridgelines are clearly seen. Right: the same at 8.7 mas downstream of the core at 1.6 GHz. The inner and two
outer ridgelines are more evident at 1.6 GHz.
Figure 6. Left: distribution of the radius of the jet as a function of the de-projected distance from the core in units of rs. Readers can refer to Figure!1 in Asada &
Nakamura (2012) and Figure!3 in Nakamura & Asada (2013) for a detailed description. VSOP data at 1.6 and 5 GHz are added at central spine region. The solid line is
the linear least-square !t for the data points except the three inner cores (VLBA at 43/86 GHz and EHT at 230 GHz), indicating the parabolic streamline with a power-
law index of 1.73!±!0.05. The dashed line indicates the conical streamline with a power law of 0.96!±!0.1. HST-1 is located around 5!!!105 rs. The thin dashed line
denotes the Bondi accretion radius located at Bondi radius 3.8!!!105!rs. The b ack area shows the siz of the minor axis of the event horizon of he spinning black
hole with maximum spin. The gray area indicates the ize f the major axis of the vent horizon of the spinning black hole with maximum spin, and corresp nds to the
size of the event horizon of the Schwarzschild black hole. The thin dotted line indicates the size of the inner stable circular orbit (ISCO) of the accretion disk for the
Schwarzschild black hole. Since the outer edge of the outer streamline is not well de!ned at the innermost region of the jet due to the lower brightness compare to the
inner rigdeline, we were not able to derive the precious radius at the innermost jet at 5 GHz. Right: zoom-in plot of the central region. The black area shows the size of
the event horizon of the spinning black hole with maximum spin (spin parameter of a!=!1). The gray area indicates the size of the event horizon for the spinning black
hole of all possible spins (0!<!a!<!1). The yellow region indicates the outermost streamline of the Blandford & Znajek jet solution emanating from the event horizon
on the equatorial plane of the spinning black hole, as a naive indication of the boundary of the black hole powered jet. It clearly shows that the inner ridgelines are
narrower than the yellow region, suggesting the inner ridgeline is highly likely to be associated with the jet formed by the black hole itself.
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Figure 2.6: Left panel: The image of the VSOP ob ervation of M87 jet at 1.6 GHz. Right panel:
The transverse slice along the red line in the left panel. One can see the distinct triple-ridge structure
in the jet. Figures adopted from Asada et al. (2016).
丱丸 乃么乁乐乔久乒 串丮 乒乁乄义乏 乏乂乓久乒乖乁乔义乏乎乓 乏乆 乁乇乎 乊久乔乓
toroidal !eld component), overpressured jet sheath against the
uniform ISM environment is reproduced in numerical simula-
tions (e.g., Clarke et al. 1986).
As a summary of this section, we conclude that the edge of
the jet sheath in M87 upstream of rB can be approximately
described as the outermost BP82-type streamline of the FFE jet
solution with the Kerr parameter a!>!0, which is anchored to
the event horizon. Thus, we suggest that the parabolic jet
sheath in M87 is likely powered by the spinning BH. Recent
theoretical arguments clari!ed that the outward Poynting "ux is
generally nonzero (i.e., the BZ77 process generally works)
along open magnetic !eld lines threading the ergosphere
(Komissarov 2004; Toma & Takahara 2014). Thus, our
!ndings support the existence of the ergosphere. We note,
however, that there is an alternative suggestion that the jet
sheath is launched in the inner part of the Keplerian disk at
R!!!10rg (Mertens et al. 2016).
4.2. Jet Kinematics
Figure 16 overviews the jet kinematics by compiling the data
in the literature (see the caption for references). Multi-
wavelength VLBI and optical observations reveal both
subluminal and superluminal features in proper motion,
providing a global distribution of the jet velocity !eld V in
M87. We display the value of !! in Figure 16 by using
simple algebraic formulae with the bulk Lorentz factor
bG º - -( )1 2 1 2 and b b b q q= +( )cos sinapp app v v , where
!!=!V/c and !app is the apparent speed of the moving
component in units of c. The value of !! approaches ! in the
nonrelativistic regime (G 1) and represents ! in the
relativistic regime (b 1), thereby representing simulta-
neously the full dynamic range in velocity over both regimes.
Superluminal motions (!app!>!1) have been frequently
observed at relatively large distances beyond rB. Furthermore,
these components seem to originate at the location of HST-1
Figure 15. Distribution of the jet radius R as a function of the jet axial distance z (deprojected with M!=!6.2!!!109 Me and "v!=!14°) from the SMBH in units of rg
(see Asada & Nakamura 2012; Hada et al. 2013; Nakamura & Asada 2013, labeled as AN12, H13, and NA13, respectively). Additional data points are taken from
Doeleman et al. (2012), Akiyama et al. (2015), and Hada et al. (2016) (labeled as D12, A15, and H16, respectively). The (vertical) dot-dashed line denotes the Bondi
radius rB, located at!;6.9!!!10
5rg, and the HST-1 complex is around 10
6rg. The !lled black region denotes the BH (inside the event horizon), while the hatched area
represents the ergosphere for the spin parameter a!=!0.99. The light-gray area denotes the approximate solution (e.g., NMF07; TMN08) of the FFE genuine parabolic jet
(outermost BZ77-type streamline: µz R2 at R/rg!?!1), while the dark-gray area is the case of the parabolic jet (outermost BP82-type streamline: z!"!R1.6 at R/rg!?!1). In
both of the outermost streamlines, which are anchored to the event horizon with "fp!=!#/2, a variation from a!=!0.5 (upper edge) to a!=!0.99 (lower edge) is represented as
a shaded area. The solid line is the linear least-square for data points of MERLIN 1.8 GHz, indicating the conical stream z!"!R (Asada & Nakamura 2012).
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Figure 2.7: Distribution of the M87 jet’s radius R as a function of the jet axial distance z from the
BH deprojected with the BH mass 6.2× 109M and the viewing angle 14◦. The light and dark gray
lines denote the parabolic configuration z ∝ R2 and z ∝ R1.6. The vertical dashed-dotted line shows
the Bondi radius, which roughly coincides with the position of HST-1 knot. The solid black line is
the line r least-square fitted by the MERLIN 1.8 GHz data points. Figure adopted from Nakamura
et al. (2018).
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maximum likelihood (RML; e.g., Narayan & Nityananda 1986;
Wiaux et al. 2009; Thiébaut 2013). RML is a forward-modeling
approach that searches for an image that is not only consistent with
the observed data but also favors speci!ed image properties (e.g.,
smoothness or compactness). As with CLEAN, RML methods
typically iterate between imaging and self-calibration, although
they can also be used to image directly on robust closure quantities
immune to station-based calibration errors. RMLmethods have been
extensively developed for the EHT (e.g., Honma et al. 2014;
Bouman et al. 2016; Akiyama et al. 2017; Chael et al. 2018b; see
also Paper IV).
Every imaging algorithm has a variety of free parameters
that can signi!cantly affect the !nal image. We adopted a two-
stage imaging approach to control and evaluate biases in the
reconstructions from our choices of these parameters. In
the !rst stage, four teams worked independently to reconstruct
the !rst EHT images of M87* using an early engineering data
release. The teams worked without interaction to minimize
shared bias, yet each produced an image with a similar
prominent feature: a ring of diameter !38–44 !as with
enhanced brightness to the south (see Figure 4 in Paper IV).
In the second imaging stage, we developed three imaging
pipelines, each using a different software package and
associated methodology. Each pipeline surveyed a range of
imaging parameters, producing between !103 and 104 images
from different parameter combinations. We determined a “Top-
Set” of parameter combinations that both produced images of
M87* that were consistent with the observed data and that
reconstructed accurate images from synthetic data sets
corresponding to four known geometric models (ring, crescent,
!lled disk, and asymmetric double source). For all pipelines,
the Top-Set images showed an asymmetric ring with a diameter
of !40 !as, with differences arising primarily in the effective
angular resolutions achieved by different methods.
For each pipeline, we determined the single combination of
!ducial imaging parameters out of the Top-Set that performed
best across all the synthetic data sets and for each associated
imaging methodology (see Figure 11 in Paper IV). Because the
angular resolutions of the reconstructed images vary among the
pipelines, we blurred each image with a circular Gaussian to a
common, conservative angular resolution of 20 !as. The top part
of Figure 3 shows an image of M87* on April!11 obtained by
averaging the three pipelines’ blurred !ducial images. The image
is dominated by a ring with an asymmetric azimuthal pro!le that
is oriented at a position angle !170° east of north. Although the
measured position angle increases by !20° between the !rst two
days and the last two days, the image features are broadly
consistent across the different imaging methods and across all
four observing days. This is shown in the bottom part of Figure 3,
which reports the images on different days (see also Figure 15 in
Paper IV). These results are also consistent with those obtained
from visibility-domain !tting of geometric and general-relativistic
magnetohydrodynamics (GRMHD) models (Paper VI).
6. Theoretical Modeling
The appearance of M87* has been modeled successfully using
GRMHD simulations, which describe a turbulent, hot, magnetized
disk orbiting a Kerr black hole. They naturally produce a powerful
jet and can explain the broadband spectral energy distribution
observed in LLAGNs. At a wavelength of 1.3 mm, and as
observed here, the simulations also predict a shadow and an
asymmetric emission ring. The latter does not necessarily coincide
with the innermost stable circular orbit, or ISCO, and is instead
related to the lensed photon ring. To explore this scenario in great
detail, we have built a library of synthetic images (Image Library)
describing magnetized accretion "ows onto black holes in GR145
(Paper V). The images themselves are produced from a library
of simulations (Simulation Library) collecting the results of
four codes solving the equations of GRMHD (Gammie et al.
2003; Sa !dowski et al. 2014; Porth et al. 2017; Liska et al.
2018). The elements of the Simulation Library have been
coupled to three different general-relativistic ray-tracing and
radiative-transfer codes (GRRT, Bronzwaer et al. 2018;
Mo!cibrodzka & Gammie 2018; Z. Younsi et al. 2019, in
preparation). We limit ourselves to providing here a brief
description of the initial setups and the physical scenarios
explored in the simulations; see Paper V for details on both the
GRMHD and GRRT codes, which have been cross-validated
Figure 3. Top: EHT image of M87* from observations on 2017 April 11 as a
representative example of the images collected in the 2017 campaign. The
image is the average of three different imaging methods after convolving each
with a circular Gaussian kernel to give matched resolutions. The largest of the
three kernels (20 !as FWHM) is shown in the lower right. The image is shown
in units of brightness temperature, T S k2b 2 Bl= W, where S is the "ux density,
" is the observing wavelength, kB is the Boltzmann constant, and ! is the solid
angle of the resolution element. Bottom: similar images taken over different
days showing the stability of the basic image structure and the equivalence
among different days. North is up and east is to the left.
145 More exotic spacetimes, such as dilaton black holes, boson stars, and
gravastars, have also been considered (Paper V).
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Figure 2.8: Top panel: The image of the EHT ob rvation on ril 11, 2017. The image is the
averag of the three different imaging metho s. Lower three panels: The averaged image observed
on April 5, April 6, April 10 in 2017 from left to right. Figure adopted from Event Horizon Telescope
Collaboration (2019a).
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dr2 + r2dθ2 + r2 sin2 θdφ2. 丨丳丮串丩
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Figure 3.1: Schematic pictures of the electromagnetic field in the split monopole and parabolic field
line magnetosphere around a rotating BH. Figure adopted from Blandford and Znajek (1977).
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乷乥 乣乯乮乳乩乤乥乲 乴乨乥 乣乡乳乥 乴乨乡乴 乴乨乥 乴乯乲乯乩乤乡乬 乭乡乧乮乥乴乩乣 东乥乬乤 乩乳 乺乥乲乯 乥乶乥乲乹乷乨乥乲乥丬 乴乨乥 E×B 乤乲乩书乴 乶乥乬乯乣乩乴乹
乢乥乣乯乭乥乳 买乵乲乥乬乹 乴乯乲乯乩乤乡乬丬 乡乮乤 乩乴乳 乡乮乧乵乬乡乲 乶乥乬乯乣乩乴乹 乢乥乣乯乭乥乳 ΩF 丨久乱乵乡乴乩乯乮 丳丮丵丱丩丮 乂乥乣乡乵乳乥 乯书 乴乨乩乳丬
ΩF 乩乳 乣乡乬乬乥乤 乴乨乥 习乡乮乧乵乬乡乲 乶乥乬乯乣乩乴乹 乯书 乴乨乥 乭乡乧乮乥乴乩乣 东乥乬乤 乬乩乮乥丮丧 义乮 乴乨乥 乩乤乥乡乬 乍么乄 乣乯乮乤乩乴乩乯乮丬 ΩF
乢乥乣乯乭乥乳 乩乤乥乮乴乩乣乡乬 乴乯 乴乨乥 乡乮乧乵乬乡乲 乶乥乬乯乣乩乴乹 乯书 乴乨乥 丝乵乩乤 乷乨乥乮 乴乨乥 丝乯乷 乨乡乳 乺乥乲乯 买乯乬乯乩乤乡乬 乶乥乬乯乣乩乴乹丮
乔乨乥 乶乡乲乩乡乢乬乥乳 乡乲乥 A3, B3,ΩF丮 乗乨乥乮 A3 乩乳 乧乩乶乥乮丬 乴乨乥 乲乥乳乴 乡乲乥 乤乥乴乥乲乭乩乮乥乤 书乲乯乭 乴乨乥 乣乯乮乤乩乴乩乯乮乳
乡乴 乴乨乥 乂么 乨乯乲乩乺乯乮 乡乮乤 乡 书乡乲 乺乯乮乥丮
Split-monopole Field-line Solution in a Schwarzschild spacetime
乔乨乥 乥乸乡乣乴 乳乯乬乵乴乩乯乮 乯书 乴乨乥 乳买乬乩乴中乭乯乮乯买乯乬乥 书乯乲乣乥中书乲乥乥 乭乡乧乮乥乴乯乳买乨乥乲乥 乩乮 乡 乓乣乨乷乡乲乺乳乣乨乩乬乤 乭乥乴乲乩乣
乩乳 乧乩乶乥乮 乢乹 乴乨乥 乶乥乣乴乯乲 买乯乴乥乮乴乩乡乬
A3 = −C cos θ 丨丳丮丷丩
乷乨乩乣乨 乩乳 乧乥乮乥乲乡乴乥乤 乢乹 乴乨乥 乴乯乲乯乩乤乡乬 乣乵乲乲乥乮乴 I3 ∝ 1/r2 乩乮 乴乨乥 乥乱乵乡乴乯乲乩乡乬 买乬乡乮乥 乣乯乮乴乩乮乵乩乮乧 乤乯乷乮
乴乯 乴乨乥 乨乯乲乩乺乯乮丬 乷乨乥乲乥 乃 乩乳 乣乯乮乳乴乡乮乴 丨乂乬乡乮乤书乯乲乤 乡乮乤 乚乮乡乪乥乫 丱丹丷丷丩丮 义乮 乴乨乩乳 乣乡乳乥丬 乴乨乥 乴乯乲乯乩乤乡乬
东乥乬乤 乩乳 乺乥乲乯 乢乥乣乡乵乳乥 乴乨乥 乳买乡乣乥乴乩乭乥 乤乯乥乳 乮乯乴 乢乥乮乤 乴乨乥 东乥乬乤 乬乩乮乥乳丮 乁乴 乡 书乡乲 乺乯乮乥丬 乴乨乩乳 乳乯乬乵乴乩乯乮
乣乯乮乮乥乣乴乳 乴乯 乴乨乥 乭乯乮乯买乯乬乥 东乥乬乤中乬乩乮乥 乳乯乬乵乴乩乯乮 乯书 乴乨乥 乮乯乮中乲乥乬乡乴乩乶乩乳乴乩乣 乲乥乧乩乭乥丮 乔乨乥乮丬 ΩF = B3 = 0丮
Parabolic Field-line Solution in a Flat Spacetime
乔乨乥 乥乸乡乣乴 乳乯乬乵乴乩乯乮 乯书 乴乨乥 书乯乲乣乥中书乲乥乥 乭乡乧乮乥乴乯乳买乨乥乲乥 乩乮 丝乡乴 乳买乡乣乥乴乩乭乥 乩乳 乳乨乯乷乮 乩乮 乂乬乡乮乤书乯乲乤
丨丱丹丷丶丩 乷乨乩乣乨 乨乡乳 乴乨乥 买乡乲乡乢乯乬乩乣 东乥乬乤 乬乩乮乥 乣乯乮东乧乵乲乡乴乩乯乮丮 乔乨乥乹 乣乯乮乳乩乤乥乲乥乤 乴乨乥 乣乵乲乲乥乮乴 乤乩乳乴乲乩中
乢乵乴乩乯乮 Iφ ∝ 1/R 乩乮 乴乨乥 乥乱乵乡乴乯乲乩乡乬 买乬乡乮乥 书乯乲 乡乬乬 乣乹乬乩乮乤乲乩乣乡乬 乲乡乤乩乵乳 R丮 乔乨乥 乶乥乣乴乯乲 买乯乴乥乮乴乩乡乬 乩乳











乷乨乥乲乥 C 乩乳 乣乯乮乳乴乡乮乴 乡乮乤 z 乩乳 乴乨乥 乣乹乬乩乮乤乲乩乣乡乬 乨乥乩乧乨乴丮 ΩF = B3 = 0丮
Parabolic Field-line Solution in a Schwarzschild Spacetime
乂乬乡乮乤书乯乲乤 乡乮乤 乚乮乡乪乥乫 丨丱丹丷丷丩 乡乬乳乯 乳乨乯乷乥乤 乡乮乯乴乨乥乲 乥乸乡乣乴 乳乯乬乵乴乩乯乮 乯书 乴乨乥 书乯乲乣乥中书乲乥乥 乭乡乧乮乥中
乴乯乳买乨乥乲乥 乩乮 乡 乓乣乨乷乡乲乺乳乣乨乩乬乤 乳买乡乣乥乴乩乭乥丮 乗乨乥乮 乴乨乥乲乥 乩乳 乡 乴乯乲乯乩乤乡乬 乣乵乲乲乥乮乴 I3 ∝ 1/r 乯乮 乴乨乥
乥乱乵乡乴乯乲乩乡乬 买乬乡乮乥 乤乯乷乮 乴乯 乴乨乥 乨乯乲乩乺乯乮丬 乯乮乥 乣乡乮 乯乢乴乡乩乮 乴乨乥 乳乯乬乵乴乩乯乮 丨乆乩乧乵乲乥 丳丮丱丩
A3 = C[r(1− cos θ) + 2(1 + cos θ)(1− ln(1 + cos θ))], 丨丳丮丹丩
乷乨乥乲乥 r 乩乳 乴乨乥 乲乡乤乩乵乳 书乲乯乭 乴乨乥 乢乬乡乣乫 乨乯乬乥 乩乮 乴乨乥 乵乮乩乴 乯书 乴乨乥 乧乲乡乶乩乴乡乴乩乯乮乡乬 乲乡乤乩乵乳 乯书 乴乨乥 乂么 乡乮乤
C 乩乳 乡 乣乯乮乳乴乡乮乴 乶乡乬乵乥丮 义乮 乡 书乡乲 乲乥乧乩乯乮 丨r  1丩丬 乴乨乥 乶乥乣乴乯乲 买乯乴乥乮乴乩乡乬 乡买买乲乯乸乩乭乡乴乥乬乹 乢乥乣乯乭乥乳 乡
买乡乲乡乢乯乬乩乣 乎乥乷乴乯乮乩乡乮 乳乯乬乵乴乩乯乮 A3 = Cr(1 − cos θ)丮 ΩF 乡乮乤 B3 乡乲乥 乺乥乲乯 乡乳 乳乡乭乥 乡乳 乴乨乥 乳买乬乩乴中
乭乯乮乯买乯乬乥 东乥乬乤中乬乩乮乥 乳乯乬乵乴乩乯乮 乩乮 乡 乓乣乨乷乡乲乺乳乣乨乩乬乤 乳买乡乣乥乴乩乭乥 乡乮乤 乴乨乥 买乡乲乡乢乯乬乩乣 东乥乬乤中乬乩乮乥 乳乯乬乵乴乩乯乮
乩乮 乡 丝乡乴 乳买乡乣乥乴乩乭乥丮
Perturbed Solution around a Slowly Rotating Black Hole
乂乡乳乥乤 乯乮 乴乨乥 乥乸乡乣乴 乳乯乬乵乴乩乯乮 乯书 乴乨乥 书乯乲乣乥中书乲乥乥 乭乡乧乮乥乴乯乳买乨乥乲乥丬 乡乤乤乩乮乧 乴乨乥 买乥乲乴乵乲乢乡乴乩乯乮 乯乮 乴乨乥
乂么 乳买乩乮丬 乂乬乡乮乤书乯乲乤 乡乮乤 乚乮乡乪乥乫 丨丱丹丷丷丩 乳乨乯乷乥乤 乴乨乥 乡买买乲乯乸乩乭乡乴乥 乳乯乬乵乴乩乯乮 乯书 乡 书乯乲乣乥中书乲乥乥 乭乡乧中
乮乥乴乯乳买乨乥乲乥 乡乲乯乵乮乤 乡 乳乬乯乷乬乹 乲乯乴乡乴乩乮乧 乂么丮
乔乨乥乹 乥乸买乡乮乤乥乤 乴乨乥 乳乯乬乵乴乩乯乮 乯乮 乴乨乥 乂么 乳买乩乮 乵买 乴乯 乴乨乥 乳乥乣乯乮乤中乯乲乤乥乲 乴乥乲乭 乡乳
ΩF = aω
(1), 丨丳丮丱丰丩









乔乨乥 乮乵乭乢乥乲 乩乮 乴乨乥 乢乲乡乣乫乥乴 乲乥买乲乥乳乥乮乴乳 乴乨乥 乯乲乤乥乲 乯书 乴乨乥 乥乸买乡乮乳乩乯乮丮 ω = −g03/g33丮 ΩF 乡乮乤 B3 乡乲乥
乺乥乲乯 乩乮 乴乨乥 乵乮买乥乲乴乵乲乢乥乤 乳乴乡乴乥丮 乃乨乡乮乧乩乮乧 乴乨乥 乳乩乧乮 乯书 a 乤乯乥乳 乮乯乴 乡乬乴乥乲 乴乨乥 乳乨乡买乥 乯书 乴乨乥 买乯乬乯乩乤乡乬
丳丮丱丮 乄乒义乖义乎乇 乍久乃么乁乎义乓乍乓 串丹
东乥乬乤 乬乩乮乥丮 乔乨乥 买乥乲乴乵乲乢乥乤 乳乯乬乵乴乩乯乮 乩乳 乯乢乴乡乩乮乥乤 乢乹 乳乵乢乳乴乩乴乵乴乩乮乧 久乱乵乡乴乩乯乮乳 丨丳丮丱丰丩丬 丨丳丮丱丱丩丬 乡乮乤
丨丳丮丱串丩 乩乮乴乯 乴乨乥 乳乴乥乡乤乹 乡乮乤 乡乸乩乳乹乭乭乥乴乲乩乣 乍乡乸乷乥乬乬 乥乱乵乡乴乩乯乮乳丮 乗乩乴乨 乴乨乥 乲乥乧乵乬乡乲乩乴乹 乣乯乮乤乩乴乩乯乮 乡乴
乴乨乥 乨乯乲乩乺乯乮





sin θH(ΩH − ΩF)A3,2 丨丳丮丱丳丩
乷乨乩乣乨 乩乳 乴乨乥 乚乮乡乪乥乫 乣乯乮乤乩乴乩乯乮 丨乚乮乡乪乥乫 丱丹丷丷丩 乡乮乤 乭乡乴乣乨乥乤 乷乩乴乨 乴乨乥 乎乥乷乴乯乮乩乡乮 乳乯乬乵乴乩乯乮乳 乡乴 乡
书乡乲 乺乯乮乥 丨r >> 1丩 丨乍乩乣乨乥乬 丱丹丷丳主 乂乬乡乮乤书乯乲乤 丱丹丷丶丩丬 乯乮乥 乣乡乮 乧乥乴 乴乨乥 乳乯乬乵乴乩乯乮
A
(2)
3 (r >> 1, θ) ∼
C
4r
sin2 θ cos θ 丨丳丮丱临丩
乡乮乤
ΩF ≈ 0.5ΩH 丨丳丮丱丵丩
书乯乲 乴乨乥 乳买乬乩乴中乭乯乮乯买乯乬乥 乳乯乬乵乴乩乯乮丮 ΩF(Ψ) 乩乮 乴乨乥 乭乯乮乯买乯乬乥 乭乡乧乮乥乴乯乳买乨乥乲乥 乩乳 乣乯乮乳乴乡乮乴丮 乆乯乲 乴乨乥
买乡乲乡乢乯乬乩乣 乭乡乧乮乥乴乯乳买乨乥乲乥 乩乴 乢乥乣乯乭乥乳
ΩF(θH) = a
(1/4) sin2 θH[1 + ln(1 + cos θH)]
4 ln 2 + sin2 θH + [sin
2 θH − 2(1 + cos θH)] ln(1 + cos θH)
. 丨丳丮丱丶丩
乔乨乩乳 乭乯乮乯乴乯乮乩乣乡乬乬乹 乩乮乣乲乥乡乳乥乳 书乲乯乭 乴乨乥 乥乱乵乡乴乯乲乩乡乬 买乬乡乮乥 乴乯 乴乨乥 乲乯乴乡乴乩乯乮 乡乸乩乳丬 乡乮乤 ΩF(θH = 0) =
0.5ΩH丮 乔乨乥 乴乯乲乯乩乤乡乬 乭乡乧乮乥乴乩乣 东乥乬乤 乧乩乶乥乮 乢乹 久乱乵乡乴乩乯乮 丨丳丮丱丳丩 乡乮乤 乣乯乮乳乴乡乮乴 乡乬乯乮乧 乡 东乥乬乤 乬乩乮乥
乡乮乤 乴乨乥 乥乬乥乣乴乲乩乣 东乥乬乤 乧乥乮乥乲乡乴乥 乴乨乥 乯乵乴乷乡乲乤 乐乯乹乮乴乩乮乧 丝乵乸 乡乴 乴乨乥 乨乯乲乩乺乯乮丬 乷乨乩乣乨 乤乲乩乶乥乳 乪乥乴乳丮
Znajek Condition
乔乨乥 乚乮乡乪乥乫 乣乯乮乤乩乴乩乯乮 乩乳 乴乨乥 乲乥乧乵乬乡乲乩乴乹 乣乯乮乤乩乴乩乯乮 乡乴 乴乨乥 乨乯乲乩乺乯乮丬 乷乨乩乣乨 乥乬乥乣乴乲乯乭乡乧乮乥乴乩乣 东乥乬乤
乭乵乳乴 乳乡乴乩乳书乹丮 义乮 乴乨乥 乂乯乹乥乲中乌乩乮乤乱乵乩乳乴 乣乯乯乲乤乩乮乡乴乥丬 乴乨乥 乨乯乲乩乺乯乮 乩乳 乴乨乥 乳乩乮乧乵乬乡乲 乳乵乲书乡乣乥丮 义乮 乴乨乥
























丳丰 乃么乁乐乔久乒 丳丮 乆乏乒乍乁乔义乏乎 乍久乃么乁乎义乓乍乓 乏乆 乒久乌乁乔义乖义乓乔义乃 乊久乔乓
乴乨乥 乨乯乲乩乺乯乮 乩乳 乮乯乴 乳乩乮乧乵乬乡乲丬 乡乮乤 乯乮乥 乣乡乮 乤乥东乮乥 乴乨乥 乥乬乥乣乴乲乯乭乡乧乮乥乴乩乣 东乥乬乤 乡乴 乴乨乥 乳乵乲书乡乣乥丮 乕乳乩乮乧
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∆
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乴乨乥 乥乬乥乣乴乲乯乭乡乧乮乥乴乩乣 东乥乬乤 乨乡乳 乴乨乥 乲乥乬乡乴乩乯乮丬 书乯乲 乥乸乡乭买乬乥丬






乷乨乥乲乥 乴乨乥 乬乥书乴中乨乡乮乤 乳乩乤乥 乩乳 乣乯乭买乯乳乥乤 乯书 乴乨乥 乱乵乡乮乴乩乴乹 乤乥东乮乥乤 乩乮 乴乨乥 之乥乲乲中乓乨乩乬乤 乣乯乯乲乤乩乮乡乴乥乳 乡乮乤
乴乨乥 乲乩乧乨乴中乨乡乮乤 乳乩乤乥 乩乳 乣乯乭买乯乳乥乤 乯书 乴乨乥 乱乵乡乮乴乩乴乹 乤乥东乮乥乤 乩乮 乴乨乥 乂乯乹乥乲中乌乩乮乤乱乵乩乳乴 乣乯乯乲乤乩乮乡乴乥乳丮
义乮 乯乲乤乥乲 书乯乲 乴乨乥 乬乥书乴中乨乡乮乤 乳乩乤乥 乮乯乴 乴乯 乤乩乶乥乲乧乥丬 乴乨乥 乥乬乥乣乴乲乯乭乡乧乮乥乴乩乣 东乥乬乤乳 乭乵乳乴 乳乡乴乩乳书乹 久乱乵乡乴乩乯乮
丨丳丮丱丳丩丮
3.1.2 Simulations of Force-free Magnetospheres
乔乨乥 乭乯乮乯买乯乬乥 乳乯乬乵乴乩乯乮 乯书 乴乨乥 书乯乲乣乥中书乲乥乥 乭乡乧乮乥乴乯乳买乨乥乲乥乳 乨乡乶乥 乢乥乥乮 乲乥乣乯乮乳乴乲乵乣乴乥乤 乢乹 乴乨乥 乮乵中
乭乥乲乩乣乡乬 乳乩乭乵乬乡乴乩乯乮乳 丨乍乡乣乄乯乮乡乬乤 丱丹丸临主 之乯乭乩乳乳乡乲乯乶 串丰丰临主 乍乣之乩乮乮乥乹 串丰丰丶乡主 乔乣乨乥乫乨乯乶乳乫乯乹 乥乴 乡乬丮
串丰丰丸丬 串丰丱丰主 乎乡乴乨乡乮乡乩乬 乡乮乤 乃乯乮乴乯买乯乵乬乯乳 串丰丱临主 乐乡乮 乥乴 乡乬丮 串丰丱丷丩丮 乍乡乣乄乯乮乡乬乤 丨丱丹丸临丩 书乯乵乮乤
乴乨乡乴 乴乨乥 东乥乬乤 乬乩乮乥乳 乴乨乲乥乡乤乩乮乧 乴乨乥 乂么 乣乯乮乣乥乮乴乲乡乴乥乤 乴乯乷乡乲乤 乴乨乥 乲乯乴乡乴乩乯乮 乡乸乩乳丬 乡乳 乴乨乥 乳买乩乮 乧乥乴乳
乬乡乲乧乥乲丬 书乯乲 乢乯乴乨 乴乨乥 乭乯乮乯买乯乬乥 乡乮乤 买乡乲乡乢乯乬乩乣 东乥乬乤 乬乩乮乥 乣乯乮东乧乵乲乡乴乩乯乮 乭乯乤乥乬乳丬 乷乨乩乬乥 乴乨乥乹 乡乳乳乵乭乥乤
ΩF = 0.5ΩH 书乯乲 乥乶乥乲乹 乭乯乤乥乬丮 之乯乭乩乳乳乡乲乯乶 丨串丰丰临丩丬 乍乣之乩乮乮乥乹 丨串丰丰丶乡丩丬 乡乮乤 乃乯乮乴乯买乯乵乬乯乳 乥乴 乡乬丮
丨串丰丱丳丩 乳乨乯乷乥乤 乴乨乡乴 乴乨乥 乲乥乬乡乴乩乯乮 ΩF = 0.5ΩH 乷乡乳 乳乡乴乩乳东乥乤 乩乮 乮乵乭乥乲乩乣乡乬 乳乩乭乵乬乡乴乩乯乮乳 书乯乲 乴乨乥
乭乯乮乯买乯乬乥 东乥乬乤 乬乩乮乥 乭乯乤乥乬乳 乷乩乴乨 乡 乂么 乳买乩乮 a = 0.1丮 乔乣乨乥乫乨乯乶乳乫乯乹 乥乴 乡乬丮 丨串丰丰丸丩 乥乸乡乭乩乮乥乤
乭乯乤乥乬乳 乩乮 乷乨乩乣乨 乴乨乥乹 乣乯乮乳乩乤乥乲 乮乯乴 乯乮乬乹 东乥乬乤 乬乩乮乥乳 乴乨乲乥乡乤乩乮乧 乴乨乥 乂么 乢乵乴 乡乬乳乯 乯乮乥乳 乴乨乲乥乡乤乩乮乧
乴乨乥 乴乨乩乮 乤乩乳乫 乡乮乤 乤乩乳乣乵乳乳乥乤 乴乨乥 乡乣乣乥乬乥乲乡乴乩乯乮 乯书 乴乨乥 E×B 乤乲乩书乴 乶乥乬乯乣乩乴乹丮
乔乡乮乡乢乥 乡乮乤 乎乡乧乡乴乡乫乩 丨串丰丰丸丩 乡乮乤 乔乣乨乥乫乨乯乶乳乫乯乹 乥乴 乡乬丮 丨串丰丱丰丩 乮乵乭乥乲乩乣乡乬乬乹 乴乥乳乴乥乤 乴乨乥 乡乮中
乡乬乹乴乩乣乡乬 买乥乲乴乵乲乢乥乤 乳乯乬乵乴乩乯乮 乩乮 乡 乨乩乧乨 乂么 乳买乩乮 乲乥乧乩乭乥丮 乔乡乮乡乢乥 乡乮乤 乎乡乧乡乴乡乫乩 丨串丰丰丸丩 乤乥乲乩乶乥乳
丳丮丱丮 乄乒义乖义乎乇 乍久乃么乁乎义乓乍乓 丳丱
乳乥乣乯乮乤 乡乮乤 书乯乵乲乴乨中乯乲乤乥乲 乡乮乡乬乹乴乩乣 乳乯乬乵乴乩乯乮乳 乷乩乴乨乯乵乴 乡乳乳乵乭乩乮乧 乴乨乥 书乯乲乣乥中书乲乥乥 乣乯乮乤乩乴乩乯乮 乩乳 乶乡乬乩乤
乡乴 乩乮东乮乩乴乹 乡乮乤 买乥乲书乯乲乭乥乤 乮乵乭乥乲乩乣乡乬 乳乩乭乵乬乡乴乩乯乮乳 书乯乲 乴乨乥 乭乯乮乯买乯乬乥 乭乡乧乮乥乴乯乳买乨乥乲乥 乴乯 乣乯乭买乡乲乥
乴乨乥 乲乥乳乵乬乴乳 乷乩乴乨 乴乨乥 乡乮乡乬乹乴乩乣 乳乯乬乵乴乩乯乮乳丮 乔乨乥乹 乣乡乬乣乵乬乡乴乥乤 乴乨乥 乴乯乴乡乬 乥乮乥乲乧乹 丝乵乸 乡乮乤 乳乨乯乷乥乤
乴乨乡乴 乴乨乥 乳乥乣乯乮乤 乡乮乤 书乯乵乲乴乨中乯乲乤乥乲 乡乮乡乬乹乴乩乣 乳乯乬乵乴乩乯乮乳 乣乯乩乮乣乩乤乥 乷乩乴乨 乴乨乥 乮乵乭乥乲乩乣乡乬 乲乥乳乵乬乴乳 书乯乲
乡 乳乭乡乬乬 乂么 乳买乩乮 乣乡乳乥 丨0 ≤ a ≤ 0.2丩丮 久乶乥乮 乷乨乥乮 乴乨乥 乂么 乳买乩乮 乩乳 乨乩乧乨乥乲 乴乨乡乮 a ∼ 0.2丬 乴乨乥
书乯乵乲乴乨中乯乲乤乥乲 乳乯乬乵乴乩乯乮乳 乡乲乥 乣乬乯乳乥乲 乴乯 乴乨乥 乮乵乭乥乲乩乣乡乬 乲乥乳乵乬乴乳 乴乨乡乮 乴乨乥 乳乥乣乯乮乤 乯乲乤乥乲 乳乯乬乵乴乩乯乮乳丮
乔乣乨乥乫乨乯乶乳乫乯乹 乥乴 乡乬丮 丨串丰丱丰丩 乡乮乤 乎乡乴乨乡乮乡乩乬 乡乮乤 乃乯乮乴乯买乯乵乬乯乳 丨串丰丱临丩 买乥乲书乯乲乭乥乤 乳乩乭乵乬乡乴乩乯乮乳 乷乩乴乨
乡 东乸乥乤 乪乥乴 乷乡乬乬 乷乨乩乣乨 乨乡乳 乴乨乥 乭乯乮乯买乯乬乥 乯乲 乴乨乥 买乡乲乡乢乯乬乩乣 乳乨乡买乥 乭乩乭乩乣乩乮乧 乴乨乥 乥乸乡乣乴 乳乯乬乵乴乩乯乮
乯书 乂乬乡乮乤书乯乲乤 乡乮乤 乚乮乡乪乥乫 丨丱丹丷丷丩丮 乔乨乥乹 乬乩乭乩乴乥乤 乴乨乥 乣乯乭买乵乴乡乴乩乯乮乡乬 乤乯乭乡乩乮 乩乮乳乩乤乥 乡 乲乩乧乩乤 习乷乡乬乬丧
买乲乥乳乣乲乩乢乥乤 乡乳 [(r + r0)/(rH + r0)]ν(1 − cos θ) = 1 乩乮 乴乨乥 乂乯乹乥乲中乌乩乮乤乱乵乩乳乴 书乲乡乭乥丬 乷乨乥乲乥 ν 乡乮乤
r0 乡乲乥 乴乨乥 乭乯乤乥乬 买乡乲乡乭乥乴乥乲乳丮 乗乨乥乮 ν = 0丬 乴乨乥 乷乡乬乬 乬乩乥乳 乯乮 乴乨乥 乥乱乵乡乴乯乲乩乡乬 买乬乡乮乥 乬乩乫乥 乴乨乥
乳买乬乩乴中乭乯乮乯买乯乬乥 乳乯乬乵乴乩乯乮丮 乆乯乲 乡 乬乡乲乧乥乲 ν丬 乴乨乥 乷乡乬乬 乨乡乳 乡 乧乥乮乥乲乡乬乩乺乥乤 买乡乲乡乢乯乬乩乣 乳乨乡买乥 乩乮 乡 书乡乲
乺乯乮乥 丨r  (r0, rH)丩丮 义乮乳乩乤乥 乴乨乥 乷乡乬乬丬 乴乨乥 乥乬乥乣乴乲乯乭乡乧乮乥乴乩乣 东乥乬乤 乩乳 乤乥乳乣乲乩乢乥乤 乢乹 乴乨乥 丝乵乸 书乵乮乣乴乩乯乮
Ψ = [(r + r0)/(rH + r0)]
ν(1 − cos θ) 乩乮乩乴乩乡乬乬乹 乡乮乤 书乲乥乥乬乹 乡乬乴乥乲 乩乮 乴乨乥 乲乵乮丮 乁书乴乥乲 乴乨乥乹 乳乴乡乲乴 乴乨乥
乲乯乴乡乴乩乯乮 乯书 乴乨乥 乢乬乡乣乫 乨乯乬乥丬 乴乨乥 乴乯乲乯乩乤乡乬 乭乡乧乮乥乴乩乣 东乥乬乤 乥乭乥乲乧乥乳 乡乮乤 乣乲乥乡乴乥乳 乴乨乥 乯乵乴乷乡乲乤 乐乯乹乮乴中
乩乮乧 丝乵乸丮 乔乨乥乮丬 乴乨乥 东乥乬乤 乬乩乮乥乳 乲乥乡乣乨 乡 乱乵乡乳乩中乳乴乡乴乩乯乮乡乲乹 乳乴乡乴乥丮 乔乨乥乹 买乥乲书乯乲乭乥乤 乣乡乬乣乵乬乡乴乩乯乮乳
乷乩乴乨 乤乩丛乥乲乥乮乴 ν, r0丬 乡乮乤 a 乡乮乤 乳乨乯乷乥乤 乴乨乡乴 乴乨乥 乪乥乴 买乯乷乥乲 乯乢乴乡乩乮乥乤 书乲乯乭 乴乨乥 乣乡乬乣乵乬乡乴乩乯乮乳 乣乡乮
乢乥 乷乥乬乬 东乴乴乥乤 乢乹 乴乨乥 乡乮乡乬乹乴乩乣 乳乥乣乯乮乤 乯乲乤乥乲 书乯乲乭乵乬乡 PBZ2(ΩH) = kΦ2totΩ2H 乵买 乴乯 a ≈ 0.95丬 乢乹
乴乨乥 书乯乵乲乴乨中乯乲乤乥乲 书乯乲乭乵乬乡 PBZ4(ΩH) = kΦ2tot(Ω2H + αΩ4H) 乵买 乴乯 a ≈ 0.99丬 乡乮乤 乢乹 乴乨乥 乳乩乸中乯乲乤乥乲
书乯乲乭乵乬乡 PBZ6(ΩH) = kΦ2tot(Ω2H + αΩ4H + βΩ6H) 乵买 乴乯 乴乨乥 乥乸乴乲乥乭乥乬乹 乨乩乧乨 乳买乩乮 乶乡乬乵乥 a ≈ 0.9999
乷乨乥乲乥 k 乡乮乤 α 乡乲乥 乮乵乭乥乲乩乣乡乬 乣乯乮乳乴乡乮乴乳 乤乥乴乥乲乭乩乮乥乤 乢乹 乴乨乥 东乥乬乤 乬乩乮乥 乣乯乮东乧乵乲乡乴乩乯乮丮
3.1.3 Electromagnetic Field in Global GRMHD Simulations
乇乒乍么乄 乳乩乭乵乬乡乴乩乯乮乳 乳乨乯乷 乴乨乡乴 乡 乨乩乧乨乬乹 乭乡乧乮乥乴乩乺乥乤 乲乥乧乩乯乮 乥乭乥乲乧乥乳 乡乲乯乵乮乤 乴乨乥 乲乯乴乡乴乩乯乮乡乬
乡乸乩乳丬 乷乨乥乲乥 乴乨乥 乂乚 买乲乯乣乥乳乳 乷乯乲乫乳 丨乥丮乧丮丬 乍乣之乩乮乮乥乹 乡乮乤 乇乡乭乭乩乥 串丰丰临主 乍乣之乩乮乮乥乹 乡乮乤 乂乬乡乮乤书乯乲乤
串丰丰丹主 乔乣乨乥乫乨乯乶乳乫乯乹 乥乴 乡乬丮 串丰丱丱主 乔乡乫乡乨乡乳乨乩 乥乴 乡乬丮 串丰丱丶主 乎乡乫乡乭乵乲乡 乥乴 乡乬丮 串丰丱丸主 乐乯乲乴乨 乥乴 乡乬丮 串丰丱丹丩丮
乇乬乯乢乡乬 乇乒乍么乄 乳乩乭乵乬乡乴乩乯乮乳 乴乨乡乴 乥乸乡乭乩乮乥 乴乨乥 乣乩乲乣乵乭乳乴乡乮乣乥乳 乯书 乴乨乥 乢乬乡乣乫 乨乯乬乥 乡乲乥 乤乥乶乥乬乯买乥乤丮
丳串 乃么乁乐乔久乒 丳丮 乆乏乒乍乁乔义乏乎 乍久乃么乁乎义乓乍乓 乏乆 乒久乌乁乔义乖义乓乔义乃 乊久乔乓
之乯乩乤乥 乡乮乤 乣乯乬乬乡乢乯乲乡乴乯乲乳 乨乡乶乥 乤乯乮乥 乴乨乥 买乩乯乮乥乥乲乩乮乧 乷乯乲乫乳 乯书 乇乒乍么乄 乣乯乤乥乳 丨之乯乩乤乥 乥乴 乡乬丮 丱丹丹丸丬
丱丹丹丹丬 串丰丰丰丬 串丰丰串丩丮 乔乨乥 乩乮乩乴乩乡乬 乣乯乮乤乩乴乩乯乮乳 乯书 乴乨乥 乣乯乤乥乳 乡乲乥 乴乨乥 乂么 乨乡乶乥 乴乨乥 之乥买乬乥乲乩乡乮 乤乩乳乫丮 义乮
之乯乩乤乥 乥乴 乡乬丮 丨丱丹丹丸丩丬 乴乨乥 乤乩乳乫 乩乳 乴乨乲乥乡乤乥乤 乢乹 乴乨乥 买乯乬乯乩乤乡乬 乭乡乧乮乥乴乩乣 东乥乬乤 乬乩乮乥乳 乡乮乤 乴乨乥 乨乯乴 乣乯乲乯乮乡
乩乮 乨乹乤乲乯乳乴乡乴乩乣 乥乱乵乩乬乩乢乲乩乵乭 乯乮 乴乨乥 乤乩乳乫丮 乁 乳乴乥乡乤乩乬乹 书乲乥乥中书乡乬乬乩乮乧 乣乯乲乯乮乡 乡乲乯乵乮乤 乡 乂么 乳乵乲乲乯乵乮乤乥乤
乢乹 乴乨乥 之乥买乬乥乲乩乡乮 乡乣乣乲乥乴乩乯乮 乤乩乳乫 乩乳 乵乳乥乤 乩乮 之乯乩乤乥 乥乴 乡乬丮 丨丱丹丹丹丩丮 乔乨乥乩乲 乇乒乍么乄 乮乵乭乥乲乩乣乡乬 乭乯乤乥乬乳
乯书 乢乬乡乣乫 乨乯乬乥 乡乣乣乲乥乴乩乯乮 乳乹乳乴乥乭乳 乨乡乶乥 乳乨乯乷乮 乴乨乡乴 乴乨乥 乌乯乲乥乮乴乺 书乡乣乴乯乲 乯书 乥乬乥乣乴乲乯乭乡乧乮乥乴乩乣乡乬乬乹中
乤乲乩乶乥乮 乷乩乮乤乳 书乲乯乭 乴乨乥 乩乮乮乥乲 买乡乲乴 乯书 乴乨乥 乡乣乣乲乥乴乩乯乮 乤乩乳乫 乲乥乡乣乨乥乳 乯乮乬乹 乵买 乴乯 乡 书乥乷丮 乆乯乲 乡 乤乩丛乥乲乥乮乴
乳乥乴乵买丬 乡乮 乥乱乵乩乬乩乢乲乩乵乭 乴乯乲乵乳 乯书 乆乩乳乨乢乯乮乥 乡乮乤 乍乯乮乣乲乩乥书 丨丱丹丷丶丩 乨乡乳 乢乥乥乮 乵乳乥乤 丨乄乥 乖乩乬乬乩乥乲乳 乥乴 乡乬丮
串丰丰丳主 乇乡乭乭乩乥 乥乴 乡乬丮 串丰丰丳丩丮 乔乨乥 买乯乬乯乩乤乡乬 乭乡乧乮乥乴乩乣 东乥乬乤 乩乳 乡乳乳乵乭乥乤 乡乳 乡 买乥乲乴乵乲乢乡乴乩乯乮丮 乁乳 乴乨乥
乣乡乬乣乵乬乡乴乩乯乮 买乲乯乣乥乥乤乳丬 乴乨乥 东乥乬乤 乷乩乬乬 乢乥 乡乭买乬乩东乥乤 乢乹 乴乨乥 乭乡乧乮乥乴乯中乲乯乴乡乴乩乯乮乡乬 乩乮乳乴乡乢乩乬乩乴乹 丨乍乒义丩
乡乮乤 乭乡乴乴乥乲 乳乴乡乲乴乳 乴乯 乡乣乣乲乥乴乥丮 乔乨乥 东乥乬乤 乬乩乮乥乳 书乲乯乺乥乮中乩乮 乴乯 乴乨乥 乡乣乣乲乥乴乩乮乧 买乬乡乳乭乡 乡乣乣乵乭乵乬乡乴乥
乮乥乡乲 乴乨乥 乨乯乲乩乺乯乮 乡乮乤 乳乵买买乯乲乴乥乤 乢乹 乴乨乥 乥乸乴乥乲乮乡乬 买乲乥乳乳乵乲乥 乯书 乴乨乥 乡乣乣乲乥乴乩乯乮 乤乩乳乫丮 乔乨乥 乡乣乣乲乥乴乩乯乮
乤乩乳乫 乡乣乣乵乭乵乬乡乴乥乳 乴乨乥 乭乡乧乮乥乴乩乣 东乥乬乤 乬乩乮乥乳 乡乮乤 乳乵买买乯乲乴乳 乴乨乥乭 乡乳 乴乨乥 乥乸乴乥乲乮乡乬 买乲乥乳乳乵乲乥丮 乔乨乥乮丬
乴乨乥 乳乹乳乴乥乭 乢乥乣乯乭乥乳 乴乨乥 乱乵乡乳乩中乳乴乥乡乤乹 乳乴乡乴乥丮 乔乨乥 乤乩乳乫中乪乥乴 乢乯乵乮乤乡乲乹 乩乳 乯书乴乥乮 乤乥东乮乥乤 乢乹 乴乨乥
乳乵乲书乡乣乥 乷乨乥乲乥 乴乨乥 乲乡乴乩乯 乯书 乴乨乥 乐乯乹乮乴乩乮乧 丝乵乸 乴乯 乴乨乥 乭乡乴乴乥乲 乤乥乮乳乩乴乹 丝乵乸丬 乩丮乥丮丬 乴乨乥 乭乡乧乮乥乴乩乺乡乴乩乯乮
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we con!rmed similar structure of the PFD funnel jet as is
shown in Figure 8). Again, we report a formation of
the BP82-type parabolic funnel with 50!!!b < 500p0,min
(a!=!0.9) up to rout/rg!=!100 in our GRMHD runs (see
Appendix A).
Figure 9 displays the poloidal magnetic !eld lines,
corresponding to each panel of Figure 8. We obtained
qualitatively similar results to Figure 3 at the !nal stage
(t/tg!=!9000), and the overall feature is unchanged with
varying BH spin as is similar to Figure 8. Again, there is no
coherent structure of the poloidal magnetic !eld lines in both
the corona and RIAF body for all cases: a!=!0.5–0.99. It is
likely that the MHD turbulence (due to the MRI) saturates in
our axisymmetric simulations, whereas there are some features
of poloidal !eld tangling. As is widely examined in a 3D
simulation with similar initial weak poloidal !eld loops lying
inside the torus, the evolved !eld is primarily toroidal in the
RIAF body and corona (e.g., Hirose et al. 2004); the magnetic
energy of the coronal !eld is, on average, in equipartition with
the thermal energy (!p!;!1), and the corona does not become a
magnetically dominated force-free state, which is quantitatively
consistent with our results.
Figure 8. Color-!lled contour of b2/" for four different runs with different BH spins (from left to right: a!=!0.5, 0.7, 0.9, and 0.99). The !nal snapshot
(t/tg!=!12,000) is displayed for each run with the whole computational domain r/rg!!!100 and 0!!!#!!!$. Other components in panels are identical to those in
Figure 1, but the BH spin is adjusted.
Figure 9. Contours (gray) show poloidal magnetic !eld lines for four different runs with different BH spins (from left to right: a!=!0.5, 0.7, 0.9, and 0.99). The !nal
snapshot (t/tg!=!12,000) is displayed for each run with the whole computational domain r/rg!!!100 and 0!!!#!!!$. Other components in the panels are identical to
those in Figure 8.
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Figure 3.2: Snapshots of the GRMHD simulations. The difference panels are for the different BH
spins. The Contours are the magne ic field li es. The ordered field lines are form d only in the polar
region, where the relativistic outflow eme ges. Figure ad pted from Nakamura et al. (2018).
3.2.1 Wind Eq ation
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乩乳 书乯乲 乴乨乥 乯乵乴丝乯乷丮 乂乯乴乨 乁乬书乶乥乮 买乯乩乮乴乳 乬乯乣乡乴乥 乷乨乥乲乥 久乱乵乡乴乩乯乮 丨丳丮丳临丩 乩乳 乳乡乴乩乳东乥乤丮 乆乯乲 乴乨乥 丝乯乷 乮乯乴
乴乯 乤乩乶乥乲乧乥 乡乴 乴乨乩乳 买乯乩乮乴丬 乴乨乥 乮乵乭乥乲乡乴乯乲 乡乬乳乯 乢乥乣乯乭乥乳 乺乥乲乯丮 乆乲乯乭 乴乨乥 乣乯乮乤乩乴乩乯乮丬 k2 + k0k4 = 0
乡乴 乴乨乥 乁乬书乶乥乮 买乯乩乮乴丮 乆乲乯乭 久乱乵乡乴乩乯乮 丨丳丮丳丱丩丬 L/E = −Gφ/Gt 乡乴 乴乨乥 乁乬书乶乥乮 买乯乩乮乴丮 乔乨乥乮丬 乯乮乥
乣乯乵乬乤 乤乩乳乴乩乮乧乵乩乳乨 乴乨乥 乳乵乢中乁乬书乶乥乮乩乣 乲乥乧乩乯乮 乡乮乤 乴乨乥 乳乵买乥乲中乁乬书乶乥乮乩乣 乲乥乧乩乯乮 书乯乲 L/E > −Gφ/Gt
乡乮乤 L/E < −Gφ/Gt 乲乥乳买乥乣乴乩乶乥乬乹丮 义乮 乴乨乥 书乯乲乣乥中书乲乥乥 乬乩乭乩乴丬 乴乨乥 乁乬书乶乥乮 买乯乩乮乴 乩乳 乩乤乥乮乴乩乣乡乬 乴乯 乴乨乥






























(u2p − u2p,Alf)(u2p − u2p,fast), 丨丳丮丳丷丩













乔乨乥 书乡乳乴 乭乡乧乮乥乴乯乳乯乮乩乣 买乯乩乮乴 乬乯乣乡乴乥乳 乷乨乥乲乥 久乱乵乡乴乩乯乮 丨丳丮丳丸丩 乩乳 乳乡乴乩乳东乥乤丮 乌乩乫乥 乴乨乥 乁乬书乶乥乮 买乯乩乮乴丬
乴乨乥乲乥 乡乲乥 乴乷乯 书乡乳乴 乭乡乧乮乥乴乯乳乯乮乩乣 买乯乩乮乴乳 乩乮 乇乒乍么乄 乭乡乧乮乥乴乯乳买乨乥乲乥乳丮 乏乮乥 乩乳 书乯乲 乴乨乥 乩乮丝乯乷丬 乡乮乤
乴乨乥 乯乴乨乥乲 乩乳 书乯乲 乴乨乥 乯乵乴丝乯乷丮 义乮 乴乨乥 书乯乲乣乥中书乲乥乥 乬乩乭乩乴丬 乴乨乥 书乡乳乴 乭乡乧乮乥乴乯乳乯乮乩乣 买乯乩乮乴 乩乳 乡乴 乩乮东乮乩乴乹
书乯乲 乯乵乴丝乯乷 乡乮乤 乡乴 乴乨乥 乂么 乨乯乲乩乺乯乮 书乯乲 乴乨乥 乩乮丝乯乷丮
3.2.2 Grad-Shafranov Equation
乔乨乥 买乥乲买乥乮乤乩乣乵乬乡乲 乣乯乭买乯乮乥乮乴 乯书 乴乨乥 乥乱乵乡乴乩乯乮 乯书 乭乯乴乩乯乮 乴乯 乴乨乥 乭乡乧乮乥乴乩乣 东乥乬乤 乩乳 乣乡乬乬乥乤 乴乨乥
习乇乲乡乤中乓乨乡书乲乡乮乯乶 丨乇乓丩 乥乱乵乡乴乩乯乮丮丧 乔乯 乳乯乬乶乥 乴乨乥 乇乓 乥乱乵乡乴乩乯乮 乩乳 乣乯乭买乵乴乡乴乩乯乮乡乬乬乹 乤乥乭乡乮乤乩乮乧
丨乎乩乴乴乡 乥乴 乡乬丮 丱丹丹丱主 乆乥乮乤乴 丱丹丹丷主 乂乥乳乫乩乮 串丰丱丰乢主 乎乡乴乨乡乮乡乩乬 乡乮乤 乃乯乮乴乯买乯乵乬乯乳 串丰丱临主 乐乡乮 乥乴 乡乬丮








































乷乨乥乲乥 乴乨乥 买乲乩乭乥 乤乥乮乯乴乥乳 乴乨乥 乤乥乲乩乶乡乴乩乶乥 乷乩乴乨 乲乥乳买乥乣乴 乴乯 Ψ 乢乥乣乡乵乳乥 E,L, η丬 乡乮乤 ΩF 乡乲乥 书乵乮乣乴乩乯乮乳
乯书 Ψ 乯乮乬乹丮 久乱乵乡乴乩乯乮 丨丳丮丳丹丩 乳乥乥乭乳 乴乯 乨乡乶乥 乡 乳乩乮乧乵乬乡乲乩乴乹 乡乴 乴乨乥 乁乬书乶乥乮 买乯乩乮乴丬 乢乵乴 乩书 乴乨乥 乲乥乧乵乬乡乲乩乴乹
乲乥乱乵乩乲乥乭乥乮乴乳 书乯乲 乴乨乥 乂乥乲乮乯乵乬乬乩 乥乱乵乡乴乩乯乮 M2 = k0 乡乮乤 k2 + k0k4 = 0 乡乴 乴乨乥 乁乬书乶乥乮 买乯乩乮乴 乩乳
乳乡乴乩乳东乥乤丬 乴乨乥 乯乮乥 书乯乲 乴乨乥 乇乓 乥乱乵乡乴乩乯乮 乩乳 乡乵乴乯乭乡乴乩乣乡乬乬乹 乳乡乴乩乳东乥乤丮 乁乴 乴乨乥 乨乯乲乩乺乯乮丬 久乱乵乡乴乩乯乮 丨丳丮丳丹丩
乧乩乶乥乳 乴乨乥 乚乮乡乪乥乫 乣乯乮乤乩乴乩乯乮丮 乔乨乥 乇乓 乥乱乵乡乴乩乯乮 乩乳 乣乯乵买乬乥乤 乷乩乴乨 乴乨乥 买乯乬乯乩乤乡乬 乷乩乮乤 乥乱乵乡乴乩乯乮 乳乯
乴乨乡乴 乩乴 乣乡乮 乨乡乶乥 乢乥乥乮 乳乯乬乶乥乤 书乯乲 乯乮乬乹 乳买乥乣乩东乣 乣乡乳乥乳丬 乥丮乧丮丬 书乯乲 乴乨乥 乳买乥乣乩乡乬 乲乥乬乡乴乩乶乩乳乴乩乣 乣乹乬乩乮乤乲乩乣乡乬
乪乥乴 丨乂乥乳乫乩乮 乥乴 乡乬丮 串丰丱丷丩丮 乒乥乣乥乮乴乬乹丬 乴乨乥乲乥 乡乲乥 乳乯乭乥 乮乵乭乥乲乩乣乡乬 乡买买乲乯乡乣乨乥乳 乴乯 乳乯乬乶乥 乴乨乥 乧乥乮乥乲乡乬
乲乥乬乡乴乩乶乩乳乴乩乣 乇乓 乥乱乵乡乴乩乯乮 书乯乲 乡乮 乡乲乢乩乴乲乡乲乹 乣乯乮乤乩乴乩乯乮 丨么乵乡乮乧 乥乴 乡乬丮 串丰丱丹丬 串丰串丰丩丮 乔乨乥 乳乴乥乡乤乹中乳乴乡乴乥
丳丸 乃么乁乐乔久乒 丳丮 乆乏乒乍乁乔义乏乎 乍久乃么乁乎义乓乍乓 乏乆 乒久乌乁乔义乖义乓乔义乃 乊久乔乓
乴乲乡乮乳乶乥乲乳乥 书乯乲乣乥 乢乡乬乡乮乣乥 乩乮 书乯乲乣乥中书乲乥乥 乪乥乴乳 乩乳 乤乩乳乣乵乳乳乥乤 乩乮 乁买买乥乮乤乩乸 乁丷 乯书 乔乣乨乥乫乨乯乶乳乫乯乹 乥乴 乡乬丮
丨串丰丰丸丩 乡乮乤 乳乨乯乷乮 乢乹 久乱乵乡乴乩乯乮 丨丷丹丩 乩乮 乂乥乳乫乩乮 乡乮乤 乎乯乫乨乲乩乮乡 丨串丰丰丶丩丮
3.2.3 Asymptotic Relations
义乮 乴乨乥 书乯乲乣乥中书乲乥乥 乬乩乭乩乴丬 乩乮 乷乨乩乣乨 乴乨乥 丝乵乩乤 乥乮乥乲乧乹 乤乥乮乳乩乴乹 乩乳 乮乥乧乬乩乧乩乢乬乥 乣乯乭买乡乲乥乤 乷乩乴乨 乴乨乥 乥乬乥乣中
乴乲乯乭乡乧乮乥乴乩乣 乯乮乥丬 B3 乢乥乣乯乭乥乳 乣乯乮乳乴乡乮乴 乡乬乯乮乧 乡 东乥乬乤 乬乩乮乥 乡乳 乯乮乥 乣乡乮 乳乥乥 书乲乯乭 久乱乵乡乴乩乯乮 丨丳丮串丵丩丬
乡乮乤 乯乮乥 乣乡乮 乡乬乳乯 乳乥乥 乴乨乥 乲乥乬乡乴乩乯乮 E = LΩF丮
义乮 乴乨乩乳 乓乵乢乳乥乣乴乩乯乮丬 乷乥 乩乮乴乲乯乤乵乣乥 乴乨乥 乢乥乨乡乶乩乯乲 乯书 乴乨乥 乍么乄 丝乯乷 乩乮 乴乨乥 乳买乥乣乩乡乬 乲乥乬乡乴乩乶乩乳乴乩乣
乬乩乭乩乴丮 乗乥 乡乤乯买乴 乴乨乥 乣乹乬乩乮乤乲乩乣乡乬 乣乯乯乲乤乩乮乡乴乥 (R, z, φ) 乩乮 乴乨乥 丝乡乴 乳买乡乣乥乴乩乭乥丮 义乮 乴乨乩乳 乬乩乭乩乴丬 乴乨乥
乩乤乥乡乬 乍么乄 乣乯乮乤乩乴乩乯乮 乣乡乮 乢乥 乲乥乷乲乩乴乴乥乮 乢乹
vp = κBp, 丨丳丮临丰丩
vφ − κBφ = RΩF, 丨丳丮临丱丩
乷乨乥乲乥 v = vp + vφeφ 乡乮乤 B = Bp +Bφeφ 乡乲乥 乴乨乥 乴乨乲乥乥中乤乩乭乥乮乳乩乯乮乡乬 买乯乬乯乩乤乡乬 乶乥乬乯乣乩乴乹 乡乮乤 乭乡乧中
乮乥乴乩乣 东乥乬乤丬 乡乮乤 κ 乩乳 乡 书乵乮乣乴乩乯乮 乯书 (R, z)丮 乔乨乥 乥乮乥乲乧乹 乣乯乮乳乥乲乶乡乴乩乯乮 乡乮乤 乴乨乥 乡乮乧乵乬乡乲 乭乯乭乥乮乴乵乭
乣乯乮乳乥乲乶乡乴乩乯乮 乩乳 乲乥乷乲乩乴乴乥乮 乢乹
Ê = Γ− RΩFBφ
4πµη
, 丨丳丮临串丩
















乆乯乲 乡 丝乯乷 乩乮 乷乨乩乣乨 Γ  1 乡乮乤 R  RL丬 乷乥 乨乡乶乥 vφ ∝ R−1丮 乓乩乮乣乥 vp ≈ c 乡乮乤 vφ  c 乡乴
R RL丬 书乲乯乭 久乱乵乡乴乩乯乮 丳丮临丱丬
− Bφ
Bp
≈ RΩF  1. 丨丳丮临丵丩
丳丮串丮 久乌久乃乔乒乏乍乁乇乎久乔义乃 乁乃乃久乌久乒乁乔义乏乎 丳丹
乁乳 乳乥乥乮 乢乹 久乱乵乡乴乩乯乮 丨丳丮丳丷丩丬 乴乨乥 乌乯乲乥乮乴乺 书乡乣乴乯乲 乧乲乯乷乳 乷乨乥乮 R|Bφ| ∼ R2Bp 乤乥乣乲乥乡乳乥乳 乡乬乯乮乧 乡
东乥乬乤 乬乩乮乥丮 乔乨乩乳 乲乥乬乡乴乩乯乮 乣乡乮 乢乥 乲乥乡乤 书乲乯乭 乴乨乥 乡乳乹乭买乴乯乴乩乣 乷乩乮乤 乥乱乵乡乴乩乯乮 丨之乯乭乩乳乳乡乲乯乶 乥乴 乡乬丮 串丰丱丰主









乷乨乥乲乥 ρ 乩乳 乴乨乥 乭乡乳乳 乤乥乮乳乩乴乹 乡乮乤 θ 乩乳 乴乨乥 乡乮乧乬乥 乢乥乴乷乥乥乮 乴乨乥 乤乩乲乥乣乴乩乯乮 乯书 乴乨乥 买乯乬乯乩乤乡乬 东乥乬乤 乬乩乮乥







dΓ = − 1
R2Bp
d(R2Bp). 丨丳丮临丷丩
义乮 乴乨乩乳 乡乳乹乭买乴乯乴乩乣 书乯乲乭乵乬乡丬 书乯乲 乡 乲乥乧乩乯乮 乷乨乥乲乥 Γ < (Ê−Γ)1/3丬 R2Bp 乨乡乳 乴乯 乤乥乣乲乥乡乳乥 乴乯 乧乥乴 乴乨乥
丝乯乷 乴乯 乡乣乣乥乬乥乲乡乴乥 dΓ > 0丬 乡乮乤 书乯乲 乡 乲乥乧乩乯乮 乷乨乥乲乥 Γ > (Ê − Γ)1/3丬 R2Bp 乨乡乳 乴乯 乩乮乣乲乥乡乳乥丮 乔乨乥
乌乯乲乥乮乴乺 书乡乣乴乯乲 乢乥乣乯乭乥乳 Γ ≈ (Ê−Γ)1/3 乡乴 乴乨乥 书乡乳乴 乭乡乧乮乥乴乯乳乯乮乩乣 买乯乩乮乴丮 乔乨乩乳 乢乥乨乡乶乩乯乲 乩乳 乣乡乬乬乥乤
乴乨乥 乭乡乧乮乥乴乩乣 乮乯乺乺乬乥 乥丛乥乣乴乳 乩乮 乡乮乡乬乯乧乹 乴乯 乴乨乥 乤乥 乌乡乶乡乬 乮乯乺乺乬乥 书乯乲 乡 乳乴乥乡乤乹丬 丱乄丬 乮乯乮中乲乥乬乡乴乩乶乩乳乴乩乣
乨乹乤乲乯乤乹乮乡乭乩乣 丝乯乷丮 么乯乷乥乶乥乲丬 乷乨乥乮 乳乯乬乶乩乮乧 久乱乵乡乴乩乯乮 丨丳丮临丶丩丬 乯乮乥 乣乡乮 乯乢乴乡乩乮 乴乨乥 乣乯乮乴乩乮乵乯乵乳乬乹
乡乣乣乥乬乥乲乡乴乩乮乧 乯乵乴丝乯乷 乷乩乴乨 乤乥乣乲乥乡乳乩乮乧 R2Bp 乥乶乥乮 乷乨乥乲乥 Γ > (Ê − Γ)1/3丮 乗乨乥乮 乷乥 乴乡乫乥 乴乨乥
























乷乨乥乲乥 Γin 乩乳 乴乨乥 乌乯乲乥乮乴乺 书乡乣乴乯乲 乡乴 乴乨乥 乩乮乪乥乣乴乩乯乮 买乯乩乮乴丮 乁乴 乡乮乤 乩乮乳乩乤乥 乴乨乥 书乡乳乴 买乯乩乮乴 丨乩丮乥丮丬 up ≤
up,fast丩丬 乴乨乥 乳乥乣乯乮乤 乡乮乤 乴乨乩乲乤 乴乥乲乭乳 乯书 乴乨乥 乬乥书乴中乨乡乮乤 乳乩乤乥 乡乬乬乯乷 dΓ > 0 乷乨乩乬乥 dS < 0丮 乄乥乴乡乩乬乥乤
乤乥乲乩乶乡乴乩乯乮乳 乡乲乥 乩乮 乂乥乳乫乩乮 乡乮乤 乎乯乫乨乲乩乮乡 丨串丰丰丶丩丬 乔乣乨乥乫乨乯乶乳乫乯乹 乥乴 乡乬丮 丨串丰丰丸丩丬 之乯乭乩乳乳乡乲乯乶 乥乴 乡乬丮
丨串丰丰丹丩丬 之乯乭乩乳乳乡乲乯乶 乥乴 乡乬丮 丨串丰丱丰丩丬 乌乹乵乢乡乲乳乫乹 丨串丰丰丹丩丬 乡乮乤 乔乯乭乡 乡乮乤 乔乡乫乡乨乡乲乡 丨串丰丱丳丩丮
Energy Conversion
久丞乣乩乥乮乴 乡乣乣乥乬乥乲乡乴乩乯乮 乩乳 乯乮乥 乯书 乴乨乥 买乲乯乢乬乥乭乳 乯乮 乲乥乬乡乴乩乶乩乳乴乩乣 乪乥乴乳丮 乔乨乥 乥乮乥乲乧乹 乣乯乮乶乥乲乳乩乯乮 书乲乯乭
乴乨乥 乐乯乹乮乴乩乮乧 丝乵乸 乧乥乮乥乲乡乴乥乤 乢乹 乴乨乥 乂乚 买乲乯乣乥乳乳 乴乯 乴乨乥 乫乩乮乥乴乩乣 乥乮乥乲乧乹 乨乡乳 乢乥乥乮 乩乮乶乥乳乴乩乧乡乴乥乤 乩乮
临丰 乃么乁乐乔久乒 丳丮 乆乏乒乍乁乔义乏乎 乍久乃么乁乎义乓乍乓 乏乆 乒久乌乁乔义乖义乓乔义乃 乊久乔乓
乬乩乴乥乲乡乴乵乲乥 丨乥丮乧丮丬 乎乡乲乡乹乡乮 乥乴 乡乬丮 串丰丱丰主 乔乯乭乡 乡乮乤 乔乡乫乡乨乡乲乡 串丰丱丳丩丮 乁 乧乯乯乤 乩乮乤乩乣乡乴乯乲 乯书 乴乨乥 乥乮乥乲乧乹










乔乨乥 乳乥乣乯乮乤 乥乱乵乡乬 乳乩乧乮 乩乳 乴乨乥 乳买乥乣乩乡乬 乲乥乬乡乴乩乶乩乳乴乩乣 乡乳乹乭买乴乯乴乩乣 书乯乲乭乵乬乡乴乩乯乮丮 乔乨乥 丝乯乷 乩乳 乩乮乩乴乩乡乬乬乹
乨乩乧乨乬乹 乭乡乧乮乥乴乩乺乥乤 丨σ  1丩 乷乨乥乮 乩乴 乩乳 乬乡乵乮乣乨乥乤丮 乁乳 乴乨乥乹 乡乣乣乥乬乥乲乡乴乥 乡乮乤 乴乨乥 乥乮乥乲乧乹 乣乯乮乶乥乲乳乩乯乮
乯乣乣乵乲乳丬 σ 乤乥乣乲乥乡乳乥乳 乡乮乤 乴乨乥 乌乯乲乥乮乴乺 书乡乣乴乯乲 乩乮乣乲乥乡乳乥乳丮 乗乨乥乮 乴乨乥 乥乮乥乲乧乹 乩乳 乣乯乭买乬乥乴乥乬乹 乣乯乮乶乥乲乴乥乤丬
乴乨乥 乌乯乲乥乮乴乺 书乡乣乴乯乲 乲乥乡乣乨乥乳 乮乥乡乲 乴乨乥 乩乮乩乴乩乡乬 σ 乶乡乬乵乥丮
乆乯乲 乴乨乥 乥丞乣乩乥乮乴乬乹 乡乣乣乥乬乥乲乡乴乥乤 丝乯乷丬 乴乨乥 乌乯乲乥乮乴乺 书乡乣乴乯乲 乩乮乣乲乥乡乳乥乳 乬乩乮乥乡乲乬乹 乴乯 乴乨乥 乣乹乬乩乮乤乲乩乣乡乬
乲乡乤乩乵乳 乵乮乴乩乬 乩乴 乢乥乣乯乭乥乳 乡乢乯乵乴 乴乨乥 乩乮乩乴乩乡乬 σ 乶乡乬乵乥丮 乆乵乲乴乨乥乲 乡乣乣乥乬乥乲乡乴乩乯乮 乢乥乹乯乮乤 σ ≈ 1 乢乥乣乯乭乥乳
乩乮乥丞乣乩乥乮乴丮 乔乨乥 东乲乳乴 乥丞乣乩乥乮乴 乡乣乣乥乬乥乲乡乴乩乯乮 买乨乡乳乥 乩乳 乣乡乬乬乥乤 乴乨乥 乬乩乮乥乡乲 乡乣乣乥乬乥乲乡乴乩乯乮 买乨乡乳乥丬 乡乮乤 乴乨乥
书乯乬乬乯乷乩乮乧 乩乮乥丞乣乩乥乮乴 乡乣乣乥乬乥乲乡乴乩乯乮 买乨乡乳乥 乩乳 乣乡乬乬乥乤 乴乨乥 乬乯乧乡乲乩乴乨乭乩乣 乡乣乣乥乬乥乲乡乴乩乯乮 买乨乡乳乥丮
Fluid Speed in Force-free Magnetosphere
义乮 乴乨乥 书乯乲乣乥中书乲乥乥 乣乯乮乤乩乴乩乯乮丬 E · B = 0丮 乗乨乥乮 乴乨乥 东乥乬乤 乩乳 乳乴乥乡乤乹 乡乮乤 乡乸乩乳乹乭乭乥乴乲乩乣丬 Eφ = 0丮




义乮 乴乨乥 书乯乲乣乥中书乲乥乥 乡买买乲乯乸乩乭乡乴乩乯乮丬 乴乨乥 乶乥乬乯乣乩乴乹 乣乡乮 乢乥 乡乲乢乩乴乲乡乲乹 乤乥乴乥乲乭乩乮乥乤 乢乥乣乡乵乳乥 乴乨乥 丝乵乩乤
乨乡乳 乮乯 乩乮乥乲乴乩乡 乷乩乴乨乯乵乴 乣乨乡乮乧乩乮乧 乴乨乥 乥乬乥乣乴乲乯乭乡乧乮乥乴乩乣 东乥乬乤丮 乐乲乡乣乴乩乣乡乬乬乹丬 乴乨乥 乶乥乬乯乣乩乴乹 乯书 乴乨乥 丝乵乩乤
乭乡乹 乢乥 乣乯乮乶乥乮乩乥乮乴乬乹 乴乡乫乥乮 乴乯 乴乨乥 乤乲乩书乴 乶乥乬乯乣乩乴乹丬 乷乨乩乬乥 乩乴 乨乡乳 乺乥乲乯 乶乥乬乯乣乩乴乹 乡乬乯乮乧 乴乨乥 东乥乬乤 乬乩乮乥
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丳丮丳丮 义乎乊久乃乔义乏乎 乍乏乄久乌乓 临丱
乆乲乯乭 乴乨乥 乲乥乬乡乴乩乯乮 Bp ≈ RBφ丬 乴乨乥 买乯乬乯乩乤乡乬 东乥乬乤 乩乳 乤乯乭乩乮乡乮乴 乩乮 乡 乲乥乧乩乯乮 乣乬乯乳乥 乴乯 乴乨乥 乣乥乮乴乲乡乬
乯乢乪乥乣乴丮 义乮 乴乨乡乴 乣乡乳乥丬 乴乨乥 东乲乳乴 乴乥乲乭 乯书 久乱乵乡乴乩乯乮 丨丳丮丵串丩 乩乳 乤乯乭乩乮乡乮乴 乩乮 乴乨乥 乲乩乧乨乴 乨乡乮乤 乳乩乤乥 乡乮乤







≈ 1 + (RΩF)2. 丨丳丮丵丳丩
义乮 乴乨乥 乲乥乧乩乯乮 RΩF > 1丬 乷乥 乨乡乶乥 Γd1 ∝ R丮 乔乨乩乳 乲乥乧乩乭乥 乩乳 乲乥书乥乲乲乥乤 乴乯 乡乳 乴乨乥 习乬乩乮乥乡乲 乡乣乣乥乬乥乲乡乴乩乯乮






Γd2 乩乳 乤乥乴乥乲乭乩乮乥乤 乢乹 乴乨乥 乲乡乴乩乯 乯书 乴乨乥 乬乯乣乡乬 买乯乬乯乩乤乡乬 乲乡乤乩乵乳 乯书 乣乵乲乶乡乴乵乲乥 乯书 乴乨乥 东乥乬乤 乬乩乮乥 Rc 乴乯
乴乨乥 乣乹乬乩乮乤乲乩乣乡乬 乲乡乤乩乵乳 Γd2 ∝ (Rc/R)1/2 丨乂乥乳乫乩乮 乥乴 乡乬丮 串丰丰临丩丮 乆乯乲 乴乨乥 书乯乲乣乥中书乲乥乥 乭乡乧乮乥乴乯乳买乨乥乲乥丬
B2φ −E2 乢乥乣乯乭乥乳 乣乬乯乳乥乲 乴乯 乺乥乲乯 乡乳 R 乧乥乴乳 乬乡乲乧乥乲丮 Γd2 乢乥乣乯乭乥乳 乩乮东乮乩乴乥乬乹 乡乣乣乥乬乥乲乡乴乥乳丬 乷乨乩乬乥 乴乨乥
乌乯乲乥乮乴乺 书乡乣乴乯乲 乯书 乴乨乥 乍么乄 丝乯乷 乩乳 乬乩乭乩乴乥乤 乢乹 乴乨乥 乴乯乴乡乬 乥乮乥乲乧乹 丝乵乸丮
3.3 Injection Models
乁 书乵乮乤乡乭乥乮乴乡乬 买乲乯乢乬乥乭 乩乳 乴乨乥 乯乲乩乧乩乮 乯书 乴乨乥 乪乥乴乴乥乤 乭乡乴乴乥乲丮 义乮 乴乨乥 乇乒乍么乄 乳乩乭乵乬乡乴乩乯乮乳丬 乴乨乥
乮乵乭乢乥乲 乤乥乮乳乩乴乹 乩乮 乴乨乥 乨乩乧乨乬乹 乭乡乧乮乥乴乩乺乥乤 乲乥乧乩乯乮 乢乥乣乯乭乥乳 乬乯乷 乡乲乯乵乮乤 乴乨乥 习乳乥买乡乲乡乴乩乯乮 乳乵乲书乡乣乥丧
乢乥乴乷乥乥乮 乴乨乥 乩乮丝乯乷 买乡乳乳乩乮乧 乴乨乲乯乵乧乨 乴乨乥 乂么 乨乯乲乩乺乯乮 乡乮乤 乴乨乥 乯乵乴丝乯乷 乡乣乣乥乬乥乲乡乴乩乮乧 乲乥乬乡乴乩乶乩乳乴乩乣乡乬乬乹丮
乔乨乥 乣乯乮乴乩乮乵乯乵乳 乩乮乪乥乣乴乩乯乮 乯书 买乬乡乳乭乡 乩乳 乲乥乱乵乩乲乥乤 乴乯 乭乡乩乮乴乡乩乮 乡 乳乴乥乡乤乹 乪乥乴丬 乡乬乴乨乯乵乧乨 乴乨乥 乬乡乲乧乥中
乳乣乡乬乥 乭乡乧乮乥乴乩乣 东乥乬乤 乬乩乮乥乳 买乲乥乶乥乮乴 乴乨乥乲乭乡乬 买乬乡乳乭乡 书乲乯乭 乤乩丛乵乳乩乮乧 乩乮乴乯 乴乨乥 乨乩乧乨乬乹 乭乡乧乮乥乴乩乺乥乤
乲乥乧乩乯乮丮
义乮 乴乨乩乳 乳乥乣乴乩乯乮丬 乷乥 书乯乣乵乳 乯乮 乴乨乥 乩乮乪乥乣乴乩乯乮 乶乩乡 乴乨乥 乥乬乥乣乴乲乯乮中买乯乳乩乴乲乯乮 买乡乩乲 乣乲乥乡乴乩乯乮 乢乹 乴乨乥
乡乭乢乩乥乮乴 买乨乯乴乯乮乳丮 乗乥 乣乯乮乳乩乤乥乲 乴乨乥 乤乩乲乥乣乴 买乡乩乲 乣乲乥乡乴乩乯乮 乢乹 乡乭乢乩乥乮乴 买乨乯乴乯乮乳 乩乮 乓乥乣乴乩乯乮 丳丮丳丮丱
乡乮乤 乴乨乥 乨乩乧乨中乥乮乥乲乧乹 买乨乯乴乯乮乳 乥乭乩乴乴乥乤 乢乹 乥乬乥乣乴乲乯乮乳 乡乣乣乥乬乥乲乡乴乥乤 乩乮 乴乨乥 乍么乄中乶乩乯乬乡乴乥乤 乲乥乧乩乯乮
乯乲 习乧乡买丧 乩乮 乓乥乣乴乩乯乮 丳丮丳丮串丮 乔乨乥 买乬乡乵乳乩乢乬乥 乩乮乪乥乣乴乩乯乮 乲乥乧乩乯乮 乩乳 乴乨乥 乮乵乬乬中乣乨乡乲乧乥 乳乵乲书乡乣乥 乡乮乤 乴乨乥
乳乥买乡乲乡乴乩乯乮 乳乵乲书乡乣乥 丨么乩乲乯乴乡乮乩 乡乮乤 乐乵 串丰丱丶丩丮 乔乨乥乳乥 乮乯乮中乴乨乥乲乭乡乬 乥丛乥乣乴乳 乡乲乥 乮乯乴 乣乯乮乳乩乤乥乲乥乤 乩乮
临串 乃么乁乐乔久乒 丳丮 乆乏乒乍乁乔义乏乎 乍久乃么乁乎义乓乍乓 乏乆 乒久乌乁乔义乖义乓乔义乃 乊久乔乓
乇乒乍么乄 乳乩乭乵乬乡乴乩乯乮乳丮 义乮乳乴乥乡乤丬 乴乨乥乹 乳乥乴 乴乨乥 乡乲乴乩东乣乩乡乬 乤乥乮乳乩乴乹 丝乯乯乲 乶乡乬乵乥乳 乴乯 买乲乥乶乥乮乴 乮乵乭乥乲乩乣乡乬
乤乩丞乣乵乬乴乩乥乳 丨乍乣之乩乮乮乥乹 乡乮乤 乇乡乭乭乩乥 串丰丰临主 乏丧 乒乩乯乲乤乡乮 乥乴 乡乬丮 串丰丱丸丩丮 义乮 乴乨乩乳 乳乥乣乴乩乯乮丬 乷乥 乲乥乳乴乯乲乥
乴乨乥 乳买乥乥乤 乯书 乬乩乧乨乴 c 书乯乲 乣乯乮乶乥乮乴乩乯乮乳丮
3.3.1 Direct Pair Creation by Ambient Photons
么乩乧乨中乥乮乥乲乧乹 买乨乯乴乯乮乳 乲乡乤乩乡乴乥乤 书乲乯乭 乴乨乥 乨乯乴 乤乩乳乫 乣乯乬乬乩乤乥 乷乩乴乨 乥乡乣乨 乯乴乨乥乲 乡乮乤 买乲乯乶乩乤乥 乥乬乥乣乴乲乯乮中
买乯乳乩乴乲乯乮 买乡乩乲乳 乩乮乴乯 乴乨乥 乨乩乧乨乬乹 乭乡乧乮乥乴乩乺乥乤 乲乥乧乩乯乮丮 义乮 乴乨乩乳 乓乵乢乳乥乣乴乩乯乮丬 乷乥 乳乵乭乭乡乲乩乳乥 乴乨乥 乴乨乲乥乥
乭乯乤乥乬乳 乯书 乴乨乩乳 乩乮乪乥乣乴乩乯乮 买乲乯乣乥乳乳丮
乌乥乶乩乮乳乯乮 乡乮乤 乒乩乥乧乥乲 丨串丰丱丱丩 乥乳乴乩乭乡乴乥乤 乴乨乥 乥乬乥乣乴乲乯乮中买乯乳乩乴乲乯乮 买乡乩乲 买乬乡乳乭乡 乤乥乮乳乩乴乹 乩乮 乴乨乥
乯乮乥中乺乯乮乥 乭乯乤乥乬 乡乳 书乯乬乬乯乷乳丮 乔乨乥乹 乣乯乮乳乩乤乥乲乥乤 乴乨乥 乲乡乤乩乡乴乩乶乥 乩乮乥丞乣乩乥乮乴 乡乣乣乲乥乴乩乯乮 丝乯乷 丨乒义乁乆丩
乳乵乲乲乯乵乮乤乩乮乧 乡 乂么 乢乥乣乡乵乳乥 乴乨乥 乩乮乮乥乲乭乯乳乴 乲乥乧乩乯乮 乯书 乴乨乥 乒义乁乆 乤乩乳乫 乩乳 乨乯乴 乥乮乯乵乧乨 书乯乲 乴乨乥 乴乨乥乲乭乡乬
乥乮乥乲乧乹 乢乥乣乯乭乥乳 乬乡乲乧乥乲 乴乨乡乮 乴乨乥 乲乥乳乴 乭乡乳乳 乥乮乥乲乧乹 乯书 乥乬乥乣乴乲乯乮乳 θe = kBTe/mec2  1丬 乷乨乥乲乥 kB
乩乳 乴乨乥 乂乯乬乴乺乭乡乮乮 乣乯乮乳乴乡乮乴丬 Te 乩乳 乴乨乥 乥乬乥乣乴乲乯乮 乴乥乭买乥乲乡乴乵乲乥丬 乡乮乤 me 乩乳 乴乨乥 乥乬乥乣乴乲乯乮 乭乡乳乳丮 乔乨乥乹
乡乳乳乵乭乥乤 乴乨乡乴 乴乨乥 乩乯乮 乴乥乭买乥乲乡乴乵乲乥 乷乡乳 乣乬乯乳乥 乴乯 乶乩乲乩乡乬 Ti ∼ 1012之 乡乮乤 乴乨乥 乥乬乥乣乴乲乯乮 乴乥乭买乥乲乡乴乵乲乥
乢乥乣乡乭乥 Te ∼ 109−10 之丬 乡乮乤 乴乨乥 乤乩乳乫 乷乡乳 乯买乴乩乣乡乬乬乹 乴乨乩乮 书乯乲 乔乨乯乭乳乯乮 乳乣乡乴乴乥乲乩乮乧丬 乷乨乩乣乨 乡乬乬乯乷乥乤





= 5× 1011ṁM−19 (r/rS)−3/2 cm−3, 丨丳丮丵丵丩
乷乨乥乲乥 Ṁ 乩乳 乡乮 乡乣乣乲乥乴乩乯乮 乲乡乴乥丬 r 乩乳 乡 乲乡乤乩乵乳 书乲乯乭 乴乨乥 乂么丬 mp 乩乳 乴乨乥 买乲乯乴乯乮 乭乡乳乳丬 vr 乩乳 乴乨乥
乲乡乤乩乡乬 乶乥乬乯乣乩乴乹 乯书 乴乨乥 乡乣乲乲乥乴乩乯乮 丝乯乷丬 ṁ = Ṁ/ṀEdd 乩乳 乴乨乥 久乤乤乩乮乧乴乯乮 乡乣乣乲乥乴乩乯乮 乲乡乴乩乯丬 ṀEdd =
LEdd/(ηffc
2) = 1027M9 g s
−1丬 M9 = M/109M丬 ηff = 0.1 乡乮乤 vr = 0.1c(r/rS)−1/2 乩乳 乵乳乥乤丮
乔乨乥 乣乯乯乬乩乮乧 书乵乮乣乴乩乯乮 乯书 乴乨乥 乥乬乥乣乴乲乯乮中乩乯乮 乡乮乤 乥乬乥乣乴乲乯乮中乥乬乥乣乴乲乯乮 乢乲乥乭乳乳乴乲乡乨乬乵乮乧 乩乳 乡乤乯买乴乥乤 乴乯
乥乳乴乩乭乡乴乥 乴乨乥 买乡乩乲中买乲乯乤乵乣乩乮乧 乧乡乭乭乡中乲乡乹 买乨乯乴乯乮 乮乵乭乢乥乲 乤乥乮乳乩乴乹丬 乷乨乩乣乨 乩乳 乡买买乲乯乸乩乭乡乴乩乥乬乹 乧乩乶乥乮
乢乹 qff ' 7.5× 10−22n2eθe erg s−1 cm−3 丨乎乡乲乡乹乡乮 乡乮乤 乙乩 丱丹丹丵丩丮 乓乵乢乳乴乩乴乵乴乩乮乧 久乱乵乡乴乩乯乮 丨丳丮丵丵丩 乴乯
qff 乡乮乤 乩乮乴乥乧乲乡乴乩乮乧 乩乴 乢乹 乴乨乥 乶乯乬乵乭乥 乴乯 乥乶乡乬乵乡乴乥 乴乨乥 乬乵乭乩乮乯乳乩乴乹 Lff =
∫
qffd
3r ' 2πr3qff ln(r/rS)丬
丳丮丳丮 义乎乊久乃乔义乏乎 乍乏乄久乌乓 临丳





' 1.4× 1011ṁ2M−19 , 丨丳丮丵丶丩
乷乨乥乲乥 εγ = 3θemec2丮 乔乡乫乩乮乧 乴乨乥 乢乡乬乡乮乣乥 乢乥乴乷乥乥乮 乴乨乥 买乡乩乲 买乲乯乤乵乣乴乩乯乮 乲乡乴乥 σγγn2γc(4π/3)r3S 乡乮乤
乴乨乥 乥乳乣乡买乥 乲乡乴乥 乯书 乴乨乥 买乡乩乲 乢乹 乴乨乥 乳买乥乥乤 乯书 乬乩乧乨乴 4πr2Sn±c丬 乷乥 乯乢乴乡乩乮 乴乨乥 买乡乩乲 乤乥乮乳乩乴乹
n± = σγγn
2
γrS/3 ' 3× 1011ṁ4M−19 cm−3. 丨丳丮丵丷丩
乔乨乥 乣乲乯乳乳中乳乥乣乴乩乯乮 乯书 乴乨乥 γγ 乩乮乴乥乲乡乣乴乩乯乮 乩乳 σγγ ∼ 0.2σT 乡乮乤 σT 乩乳 乴乨乥 乔乨乯乭乳乯乮 乣乲乯乳乳 乳乥乣乴乩乯乮丮 乔乯




= 5× 10−2ṁ1/2M−3/29 cm−3. 丨丳丮丵丸丩
nGJ ∼ 10−6 书乯乲 乴乨乥 乍丸丷 乶乡乬乵乥乳 ṁ ∼ 10−6 乡乮乤 M9 ≈ 6丮 么乥乲乥丬 乴乨乥 乭乡乧乮乥乴乩乣 东乥乬乤 乳乴乲乥乮乧乴乨 B 乩乳




乳乯乵乮乤 乳买乥乥乤丮 e 乩乳 乴乨乥 乥乬乥乭乥乮乴乡乲乹 乣乨乡乲乧乥丮 乔乨乥 乲乡乴乩乯 乯书 乴乨乥 买乡乩乲 乤乥乮乳乩乴乹 乴乯 乴乨乥 乇乯乬乤乲乥乩乣乨中乊乵乬乩乡乮
乤乥乮乳乩乴乹 乩乳
n±/nGJ ' 6× 1012ṁ7/2M1/29 . 丨丳丮丵丹丩
义乮 乴乨乩乳 乥乳乴乩乭乡乴乩乯乮丬 n±/nGJ 乢乥乣乯乭乥乳 乬乥乳乳 乴乨乡乮 乵乮乩乴乹 乷乨乥乮 乴乨乥 乡乣乣乲乥乴乩乯乮 乲乡乴乥 乩乳 乬乥乳乳 乴乨乡乮 ṁ .
2× 10−4丮 乔乨乵乳丬 乴乨乩乳 乭乯乤乥乬 乩乳 乮乯乴 乡买买乬乩乣乡乢乬乥 乴乯 乬乯乷中乬乵乭乩乮乯乳乩乴乹 乁乇乎乳丬 乥丮乧丮丬 乍丸丷丬 乢乥乣乡乵乳乥 乴乨乥
乡乣乣乲乥乴乩乯乮 乲乡乴乥 乩乳 乮乯乴 乥乮乯乵乧乨 书乯乲 乴乨乥 乣乯乭买乬乥乴乥 乳乣乲乥乥乮乩乮乧 乯书 乴乨乥 乭乡乧乮乥乴乯乳买乨乥乲乥丮
乍乯亱乣乩乢乲乯乤乺乫乡 乥乴 乡乬丮 丨串丰丱丱丩 乣乯乮乤乵乣乴乥乤 乡 乧乬乯乢乡乬 乇乒乍么乄 乳乩乭乵乬乡乴乩乯乮 乡乮乤 乣乡乬乣乵乬乡乴乥乤 乴乨乥
乲乡乤乩乡乴乩乯乮 东乥乬乤 乡乳 乡 买乯乳乴中买乲乯乣乥乳乳乩乮乧 乳乴乥买 书乲乯乭 乴乨乥 乳乮乡买乳乨乯乴 乯书 乴乨乥 乳乩乭乵乬乡乴乩乯乮丮 乔乨乥乹 乥乳乴乩乭乡乴乥乤
乴乨乥 买乡乩乲 买乲乯乤乵乣乴乩乯乮 乲乡乴乥乳 书乲乯乭 乴乨乥 乲乡乤乩乡乴乩乯乮 东乥乬乤 乡乮乤 乤乥乲乩乶乥乤 乴乨乥 东乴乴乩乮乧 书乯乲乭乵乬乡 乯书 乴乨乥 买乡乩乲
买乲乯乤乵乣乴乩乯乮 乲乡乴乥乳丮 乔乨乥乹 乣乯乮乳乩乤乥乲 乳乹乮乣乨乲乯乴乲乯乮 乡乮乤 乢乲乥乭乳乳乴乲乡乨乬乵乮乧 乣乯乯乬乩乮乧丬 乢乵乴 乮乯乴 乃乯乭买乴乯乮
乣乯乯乬乩乮乧 乵乳乩乮乧 乳乥乴乵买乳 书乯乲 乍丸丷 乂么 乡乳乳乵乭乩乮乧 乴乨乥 乥乬乥乣乴乲乯乮乳 乡乮乤 乩乯乮乳 乨乡乶乥 乡乮 乩乳乯乴乲乯买乩乣丬 乴乨乥乲乭乡乬
乤乩乳乴乲乩乢乵乴乩乯乮 书乵乮乣乴乩乯乮丮 乔乨乥乹 乳乨乯乷乥乤 乴乨乡乴 乴乨乥 乣乡乬乣乵乬乡乴乥乤 买乡乩乲中买乲乯乤乵乣乴乩乯乮 乲乡乴乥 乩乳 乷乥乬乬 东乴乴乥乤 乢乹
ṅ± ∝ r−6M−1Ṁ6. 丨丳丮丶丰丩
临临 乃么乁乐乔久乒 丳丮 乆乏乒乍乁乔义乏乎 乍久乃么乁乎义乓乍乓 乏乆 乒久乌乁乔义乖义乓乔义乃 乊久乔乓
乔乨乥 乥乳乴乩乭乡乴乥乤 买乡乩乲 乤乥乮乳乩乴乹 n± ∼ ṅ±(GM9/c3) 乡乴 r ∼ (GM9/c2) 乩乳
nGJ/n± ∼ 6× 10−42aṁ−11/2m−3/28 . 丨丳丮丶丱丩
乆乯乲 乡 乍丸丷 乳乥乴乵买丬 n±/nGJ ∼ 107丮
之乩乭乵乲乡 乡乮乤 乔乯乭乡 丨串丰串丰丩 乣乯乮乳乩乤乥乲乥乤 乴乨乡乴 乴乨乥 买乡乩乲中乩乮乪乥乣乴乩乯乮 乯乣乣乵乲乲乥乤 乡乴 乴乨乥 书乵乮乮乥乬 乯书 乳乩乺乥
2rg丮 乔乨乥乹 乵乳乥乤 乴乨乥 买乨乯乴乯乮 乮乵乭乢乥乲 乤乥乮乳乩乴乩乥乳 乩乮 乴乨乥 乇乥乖 nGeV 乡乮乤 乫乥乖 乢乡乮乤 nkeV 乥乭乩乴乴乥乤 乩乮
乴乨乥 乤乩乳乫 乴乯 乥乳乴乩乭乡乴乥 乴乨乥 买乡乩乲 买乲乯乤乵乣乴乩乯乮 乲乡乴乥











乷乨乥乲乥 LGeV 乡乮乤 LkeV 乡乲乥 乴乨乥 乬乵乭乩乮乯乳乩乴乹 乯书 乇乥乖 乡乮乤 乫乥乖 买乨乯乴乯乮乳丬 乲乥乳买乥乣乴乩乶乥乬乹丬 EGeV 乡乮乤
EkeV 乡乲乥 乴乨乥 买乨乯乴乯乮 乥乮乥乲乧乹 乯书 乴乨乥乭丬 乡乮乤 V = 4π(2rg)3/3 乩乳 乴乨乥 乶乯乬乵乭乥 乯书 乴乨乥 乭乡乧乮乥乴乯乳买乨乥乲乥丮
乆乯乬乬乯乷乩乮乧 乴乨乥 买乲乯乣乥乤乵乲乥 乯书 乌乥乶乩乮乳乯乮 乡乮乤 乒乩乥乧乥乲 丨串丰丱丱丩丬 乴乨乥乹 乢乡乬乡乮乣乥乤 乴乨乥 买乡乩乲 买乲乯乤乵乣乴乩乯乮 乲乡乴乥








乔乨乩乳 乶乡乬乵乥 乩乳 书乯乵乲 乯乲乤乥乲乳 乯书 乭乡乧乮乩乴乵乤乥 乨乩乧乨乥乲 乴乨乡乮 nGJ丮 乕乮乬乩乫乥 乴乨乥 乂么 乭乡乧乮乥乴乯乳买乨乥乲乥 乭乯乤乥乬
乯书 乌乥乶乩乮乳乯乮 乡乮乤 乒乩乥乧乥乲 丨串丰丱丱丩 乣乯乮乳乩乤乥乲乳 乯乮乬乹 乍乥乖 买乨乯乴乯乮乳 乢乹 乴乨乥乲乭乡乬 乥乬乥乣乴乲乯乮乳丬 乴乨乥 乭乯乤乥乬 乯书
之乩乭乵乲乡 乡乮乤 乔乯乭乡 丨串丰串丰丩 乣乯乮乳乩乤乥乲乳 乴乨乥 乇乥乖 乥乭乩乳乳乩乯乮 书乯乲乭 乴乨乥 乨乡乤乲乯乮乩乣 买乲乯乣乥乳乳乥乳丮 么乯乷乥乶乥乲丬
乴乨乥 乩乮乪乥乣乴乩乯乮 乩乳 乳乴乩乬乬 乮乯乴 乳乵丞乣乩乥乮乴 乴乯 买乲乯乤乵乣乥 乴乨乥 乪乥乴 买乯乷乥乲丮
3.3.2 Electron-positron Pair Cascade by Gap Acceleration
乔乨乥 乧乡买 乲乥乧乩乯乮丬 乷乨乥乲乥 乴乨乥 乣乨乡乲乧乥 乤乥乮乳乩乴乹 乢乥乣乯乭乥乳 乬乯乷乥乲 乴乨乡乮 乴乨乥 乇乯乬乤乲乥乩乣乨中乊乵乬乩乡乮 乤乥乮乳乩乴乹丬






= 4π(ρ− ρGJ), 丨丳丮丶临丩
丳丮丳丮 义乎乊久乃乔义乏乎 乍乏乄久乌乓 临丵











义书 ρ 乤乥乶乩乡乴乥乳 书乲乯乭 ρGJ丬 乴乨乥 乥乬乥乣乴乲乩乣 东乥乬乤 乣乯乭买乯乮乥乮乴 买乡乲乡乬乬乥乬 乴乯 乴乨乥 乭乡乧乮乥乴乩乣 东乥乬乤 乬乩乮乥 E‖ 乢乥乣乯乭乥乳
乮乯乮中乺乥乲乯丬 乷乨乩乣乨 乭乥乡乮乳 乴乨乥 乩乤乥乡乬 乍么乄 乣乯乮乤乩乴乩乯乮 乩乳 乶乩乯乬乡乴乥乤丮 乔乨乥 乧乡买 乯买乥乮乳 乡乴 乴乨乥 乳乥买乡乲乡乴乩乯乮
乳乵乲书乡乣乥 乩书 乴乨乥 乣乨乡乲乧乥 乤乥乮乳乩乴乹 乩乳 乮乯乴 乩乮乪乥乣乴乥乤 乥乮乯乵乧乨丮 乔乨乥 乮乵乬乬中乣乨乡乲乧乥 乳乵乲书乡乣乥 乩乳 乡乮乯乴乨乥乲 买乬乡乵乳乩乢乬乥
买乯乳乩乴乩乯乮丮 乔乨乥 乮乵乬乬 乣乨乡乲乧乥 乳乵乲书乡乣乥 乩乳 乷乨乥乲乥 乴乨乥 乇乯乬乤乲乥乩乣乨中乊乵乬乩乡乮 乣乨乡乲乧乥 乤乥乮乳乩乴乹 乢乥乣乯乭乥乳 乺乥乲乯
乢乹 ΩF = ω 丨么乩乲乯乴乡乮乩 乡乮乤 乐乵 串丰丱丶丩丮 乔乨乩乳 乳乵乲书乡乣乥 乳乥买乡乲乡乴乥乳 乴乨乥 买乯乳乩乴乩乶乥 乣乨乡乲乧乥 乡乲乥乡 乡乮乤 乴乨乥
乮乥乧乡乴乩乶乥 乣乨乡乲乧乥 乡乲乥乡丮 义书 乴乨乥乲乥 乩乳 乡乮 乩乮乷乡乲乤 乬乡乲乧乥中乳乣乡乬乥 乥乬乥乣乴乲乩乣 乣乵乲乲乥乮乴 乧乥乮乥乲乡乴乥乤 乢乹 乴乨乥 乡乣乣乲乥乴乩乯乮
乤乩乳乫丬 乥乬乥乣乴乲乯乮乳 乭乯乶乥 乯乵乴乷乡乲乤 乡乮乤 买乯乳乩乴乲乯乮乳 乭乯乶乥 乩乮乷乡乲乤 乴乯 乭乡乩乮乴乡乩乮 乴乨乥 乥乬乥乣乴乲乩乣 乣乵乲乲乥乮乴丬 乡乮乤
乴乨乥乹 乮乡乴乵乲乡乬乬乹 乧乥乮乥乲乡乴乥 乴乨乥 乧乡买丮 乔乨乥 乳乣乨乥乭乡乴乩乣 买乩乣乴乵乲乥 乩乳 乳乨乯乷乮 乩乮 乆乩乧乵乲乥 丳丮丳丮 乔乨乥 乮乵乬乬中乣乨乡乲乧乥
乳乵乲书乡乣乥 乧乡买 乭乡乹 乯买乥乮 乡乴 乡 书乥乷 乧乲乡乶乩乴乡乴乩乯乮乡乬 乲乡乤乩乵乳 丨么乩乲乯乴乡乮乩 乥乴 乡乬丮 串丰丱丶主 乌乥乶乩乮乳乯乮 乡乮乤 乓乥乧乥乶
串丰丱丷主 乃乨乥乮 乡乮乤 乙乵乡乮 串丰串丰主 之乩乳乡乫乡 乥乴 乡乬丮 串丰串丰丩丮
乔乨乥 买乡乲乡乬乬乥乬 乥乬乥乣乴乲乩乣 东乥乬乤 乡乣乣乥乬乥乲乡乴乥乳 乣乨乡乲乧乥乤 买乡乲乴乩乣乬乥乳 乩乮 乴乨乥 乧乡买 乴乯 乡 乲乥乬乡乴乩乶乩乳乴乩乣 乳买乥乥乤丮
乔乨乥 乲乥乬乡乴乩乶乩乳乴乩乣 买乡乲乴乩乣乬乥乳 乩乮乴乥乲乡乣乴 乷乩乴乨 乡乭乢乩乥乮乴 乳乯书乴 买乨乯乴乯乮乳 乷乨乩乣乨 乷乥 乡乳乳乵乭乥 乴乨乥 乳乹乮乣乨乲乯乴乲乯乮
买乨乯乴乯乮乳 乥乭乩乴乴乥乤 乩乮 乴乨乥 乡乣乣乲乥乴乩乯乮 乤乩乳乫丮 乂乹 乴乨乥 乃乯乭买乴乯乮 乳乣乡乴乴乥乲乩乮乧丬 乴乨乥 乵买中乳乣乡乴乴乥乲乥乤 买乨乯乴乯乮乳
乩乮乴乥乲乡乣乴 乷乩乴乨 乯乴乨乥乲 乳乯书乴 买乨乯乴乯乮乳丬 乡乮乤 乴乨乥 乥乬乥乣乴乲乯乮中买乯乳乩乴乲乯乮 买乡乩乲中乣乲乥乡乴乩乯乮 乯乣乣乵乲乳丮 义书 乴乨乥 乧乡买
乩乳 乮乯乴 乣乬乯乳乥乤丬 乴乨乥 买乡乩乲中买乲乯乤乵乣乥乤 买乡乲乴乩乣乬乥乳 买乲乯乤乵乣乥 乴乨乥 乴乨乩乲乤 乯乮乥乳丮 乔乨乩乳 买乲乯乣乥乳乳 乩乮乣乲乥乡乳乥乳 乴乨乥
乣乨乡乲乧乥 乮乵乭乢乥乲 乤乥乮乳乩乴乹 乵乮乴乩乬 ρ 乲乥乡乣乨乥乳 ρGJ丮 乂乲乯乤乥乲乩乣乫 乡乮乤 乔乣乨乥乫乨乯乶乳乫乯乹 丨串丰丱丵丩 买乲乯买乯乳乥乤
乴乨乡乴 乴乨乥 买乡乩乲 乤乥乮乳乩乴乹 乩乮乣乲乥乡乳乥乳 乡书乴乥乲 乴乨乥 乧乡买 乩乳 乣乬乯乳乥乤 乢乥乣乡乵乳乥 乵买中乳乣乡乴乴乥乲乥乤 买乨乯乴乯乮乳 乡乮乮乩乨乩乬乡乴乥
乡乣乣乥乬乥乲乡乴乥乤 乥乬乥乣乴乲乯乮乳 乯乲 买乯乳乩乴乲乯乮乳 乩乮乴乥乲乡乣乴 乷乩乴乨 乳乯书乴 买乨乯乴乯乮乳 乓乵乣乨 买乡乩乲中乣乡乳乣乡乤乥 乩乮乣乲乥乡乳乥乳 乴乨乥
乮乵乭乢乥乲 乤乥乮乳乩乴乹 乯书 乴乨乥 乬乥买乴乯乮乳 乩乮乳乩乤乥 乴乨乥 乪乥乴 乥乮乯乵乧乨 乴乯 买乲乯乤乵乣乥 乴乨乥 乯乢乳乥乲乶乥乤 乪乥乴 买乯乷乥乲 乡乮乤 乔乥乖
乥乮乥乲乧乹 买乨乯乴乯乮乳 丨乂乥乳乫乩乮 乥乴 乡乬丮 丱丹丹串主 么乩乲乯乴乡乮乩 乡乮乤 乏乫乡乭乯乴乯 丱丹丹丸主 乌乥乶乩乮乳乯乮 乡乮乤 乒乩乥乧乥乲 串丰丱丱主
乂乲乯乤乥乲乩乣乫 乡乮乤 乔乣乨乥乫乨乯乶乳乫乯乹 串丰丱丵主 么乩乲乯乴乡乮乩 乥乴 乡乬丮 串丰丱丶主 乐乴乩乴乳乹乮乡 乡乮乤 乎乥乲乯乮乯乶 串丰丱丶主 乌乥乶乩乮乳乯乮
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We use three types of initial conditions; (a) the simula-
tion box is filled with a mono-energetic beam of gamma-
ray photons uniformly distributed along the !-grid. The
energy and number density of photons are 109mec
2 and
10nGJmin, respectively; (b) the box is filled with electrons
and positrons uniformly distributed, with zero initial ve-
locity and the same number density, 0.8nGJmin, so that the
initial charge and current densities are zero; (c) To save
computing time in long runs, we switch from a tempo-
ral quasi-stationary state of one model to another model
by changing the set of parameters. In conditions (a)
and (b), the initial electric field is so strong that many
pairs and photons are produced during the initial dis-
charge as shown in Levinson & Cerutti (2018). In order
to avoid this intense discharge and reduce the compu-
tational costs, we mainly use condition (c). The initial
conditions we use are summarized in Table 1; the right-
most column indicates the parameters of the initial model
before switching. The quasi-steady state of condition (c)
used in models I, K and N is the electric-field-screened
state after the initial discharge (photon-filled initial con-
dition) in the low-"0 model ("0 = 10) and prior to re-
opening of the gap. We tested models with di!erent
initial conditions, and find that the final state is inde-
pendent of the initial model invoked (e.g., Fig. 6).
To reduce the computational cost in runs with large
optical depths ("0 ! 30), we neglect the scattering of
particles with energies # < #min,scat = 10
7. The energy
of photons scattered by these pairs is $ic " 105#27$min,!9,
much lower than the threshold energy for pair creation,
" 109$min,!9. For su"ciently steep spectra (p ! 2), the
contribution of these gamma-ray photons to pair produc-
tion is minor. Note that cooling via IC scattering could
still be significant for pairs with # " 107 because the
cooling length is lic,cool " rg#!17 $!1min,!9"!10,2 . As a check,
we repeated the run for "0 = 300 with a lower threshold of
#min,scat = 10
6 and confirmed that the results remained
practically unchanged.
4. RESULTS
This study extends the previous works
(Levinson & Cerutti 2018; Chen & Yuan 2020) in
several ways. First, we performed much longer simula-
tions to check the prolonged evolution of the system.
Indeed, as shown below, we find that the time it takes
the gap to either restore (if the opacity is to low) or
reach a quasi-periodic state is considerably longer than
the simulation times in our previous study. Second, we
tested the behaviour of the gap dynamics on the sign
of the global current J0. We find a di!erent behaviour
for positive and negative currents. Third, we have run
simulations with larger fiducial optical depths than
previously ("0 = 30, 100, 300) and found that although
the particle kinetic power and IC luminosity do not
significantly depend on "0, the the luminosity of curva-
ture radiation shows a strong dependence (Section 4.2).
Fourth, we checked the dependence of gap dynamics on
the spectral shape of the target radiation field (slope
p and minimum energy $min, Section 4.4). Finally, we
investigated the dependence of the solutions on the
number of particle per cell (PPC) (Section 4.5). We
find that while the strength and overall dynamics of
the gap electric field show only little dependence on
Fig. 2.— Schematic illustration of the gap structure following
the initial discharge phase, for J0 < 0 (a) and J0 > 0 (b). The
thick arrows indicate the slow drift (fluid) motion of the plasma
constituents. Depending on the sign of the electric field in the
reopened gap, plasma moves either away from or towards the null
point. This leads to the distinct behaviour of positive (J0 > 0)
and negative (J0 < 0) current flows described in Section 4.1. In
the reopening gap, particles are accelerated and emit high-energy
!-ray photons. A fraction of the photons convert to pairs which
tend to prevent further growth of the reopened gap. The energy



















Fiducial optical depth τ0
Fig. 3.— Time-averaged number density of electrons (blue),
positrons (red), and the sum of them (black) in the simulation
box for models B-D, normalized by the averaged GJ number den-
sity in the simulation box, !!nGJ", as a function of the fiducial
optical depth "0.
the PPC, the pair multiplicity, the pair number density
normalized by the GJ density n/nGJ, depends strongly
on it. Moreover, we repeated the simulation presented
in Levinson & Cerutti (2018) (Model O in Table 1
with initial PPC of 5) and found that when the run
time is increased su"ciently their result at the final
simulation time (the rightmost panels of their Fig. 1) is
not maintained. When the simulation was rerun with
initial PPC of 45 the gap has ultimately reached a state
of quasi-periodic oscillations.
4.1. Dependence of gap dynamics on the global current
As mentioned above, the behaviour of the gap appears
to depend on the sign of the global magnetospheric cur-
rent J0. To be concrete, for all cases explored here we
find that after su"ciently long time from the initial dis-
charge, reopening of the gap starts near the null point
when J0 < 0 and near one of the outer boundaries of
simulation box when J0 > 0. In both cases, if the fidu-
cial depth "0 is below the critical value needed for screen-
ing (roughly the value given in Eq. 9) the charge den-
sity gradually declines until all charges escape from the
simulation box and the vacuum state is restored. On
Figure 3.3: Schematic picture of the gap generation mechanism at the null-charge surface. This
surface separates the positiv charge area and the ne ative charge ar a. If there is a inward large-
scale electric current generated by the accretion disk, electrons move outward and positrons move
inward, then generate the gap. Figure adopted from Kisaka et al. (2020).
3.3.3 Density-floor Problem of GRMHD Simulations
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3.4 GRMHD Simulations with Radiative Transfer Calcu-
lations
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Figure 8. Log scale images of simulation snapshots of the two models at 43 GHz (left), 86 GHz (middle) and 230 GHz (right). Snapshots
were observed at an inclination angle of 17  up from the simulation south pole and rotated 108  counterclockwise to match the observed
jet orientation. The intensity scale is di↵erent at each frequency, but for each frequency the scale displays a dynamic range of 104 and is
the same for both the image from the H10 simulation (top) and R17 simulation (bottom). The image length scale changes with frequency;
dotted boxes on the 43 and 86 GHz images show the fields-of-view of the 86 and 230 GHz images, respectively. The jet structure is
qualitatively similar in the two simulations, with wide apparent opening angles which narrow with distance from the SMBH at lower
frequencies. Images at all frequencies show a faint counterjet, and the black hole shadow is evident in both models even down to 43 GHz.
the 230 GHz image. The jets in both models show filamen-
tary magnetic field structure close to the black hole that
rotates clockwise as viewed from our selected orientation.
The spiral filaments are more prominent in the H10 snap-
shot. In general, emission in the H10 model comes from the
high-temperature, high-magnetic field inner jet, and mag-
netic filaments in the jet dominate over disc emission at 230
GHz (Fig. 14). At longer wavelengths, the jet images pro-
duced from the two models are qualitatively similar, but the
higher jet power in the R17 model leads to brighter emission
at larger distances from the black hole at all frequencies,
while the core is consistently brighter in the H10 images.
4.4.1 Core-Shift
VLBI observations with absolute phase referencing allow es-
timates of the relative image location at di↵erent frequen-
cies. Because the M87 jet is optically thick at wavelengths
longer than a few millimeters, the image centroid of the
bright, compact core emission moves with frequency, giving
rise to the so-called “core-shift” e↵ect (Blandford & Königl
1979).
Hada et al. (2011) conducted measurements of the core-
shift of M87 at frequencies from 2.3 to 43 GHz, finding that
the millimeter core is coincident with the SMBH and disc
that launch the jet. They estimated that the radio core has
a right ascension displacement (relative to the 43 GHz core)
given by  RA ⇡ A  ↵GHz + B, where A = (1.40 ± 0.16) mas,
B = ( 0.041 ± 0.012) mas, and ↵ = 0.94 ± 0.09. We com-
puted the analogous core-shifts for our simulated images by
first convolving the images with the wavelength-dependent
observing beam of Hada et al. (2011) and then measuring
the location of the peak in the resulting image.
Fig. 9 shows the results of this analysis for our simu-
lations. Both H10 and R17 produce images with core-shifts
that are compatible with the results of Hada et al. (2011) at
frequencies as low as 15 GHz. Even though VLBI constrains
the core-shift at yet lower frequencies, we did not attempt
to estimate core-shifts at these frequencies from our sim-
ulations because the image sizes and observing beams are
comparable to the raytracing domain.
Radio-jet core-shifts can be used to measure the jet
magnetic field. Recently, Zamaninasab et al. (2014) and
Zdziarski et al. (2015) used core-shifts to measure the jet
magnetic fields of several LLAGN sources (including M87)
on ⇠pc scales; they found their values of magnetic field and
jet powers were consistent with jets launched by MADs. This
is consistent with the findings of this work for M87.
MNRAS 000, 000–000 (0000)
Figure 3.4: Synthetic images obtained by the GRMHD simulation and the post-processed radiative
transfer calculations. The three panels show the images at 43, 86, 230 GHz from the left to right.
Figure adopted from Chael et al. (2019).
久乶乥乮乴 么乯乲乩乺乯乮 乔乥乬乥乳乣乯买乥 乃乯乬乬乡乢乯乲乡乴乩乯乮 丨串丰丱丹乥丩 乡乳乳乵乭乥乤 乮乯 乥乭乩乳乳乩乯乮 书乲乯乭 乴乨乥 书乵乮乮乥乬 乲乥乧乩乯乮丬
乷乨乥乲乥 乴乨乥 乭乡乧乮乥乴乩乺乡乴乩乯乮 σ > 1丮 乔乨乥 乣乯乮乴乲乩乢乵乴乩乯乮 乯书 乴乨乥 乥乭乩乳乳乩乯乮 书乲乯乭 乴乨乥 书乵乮乮乥乬 乲乥乧乩乯乮 乨乡乳 乮乯乴
乢乥乥乮 乴乨乯乲乯乵乧乨乬乹 乳乴乵乤乩乥乤 乹乥乴丮 之乡乷乡乳乨乩乭乡 乥乴 乡乬丮 丨串丰串丰丩 买乥乲书乯乲乭乥乤 乧乥乮乥乲乡乬 乲乥乬乡乴乩乶乩乳乴乩乣 乲乡乹中乴乲乡乣乩乮乧
乲乡乤乩乡乴乩乶乥 乴乲乡乮乳书乥乲 乣乡乬乣乵乬乡乴乩乯乮乳 乴乯 乳乴乵乤乹 乴乨乥 乥乭乩乳乳乩乯乮 书乲乯乭 乥乬乥乣乴乲乯乮中买乯乳乩乴乲乯乮 买乬乡乳乭乡丬 乷乨乩乣乨 乩乳
乬乯乣乡乴乥乤 乡乴 乴乨乥 乲乩乮乧乳 乩乮 乴乨乥 乪乥乴 书乵乮乮乥乬丮 乔乨乥 乲乩乮乧 买乯乳乩乴乩乯乮 乩乳 乤乥乴乥乲乭乩乮乥乤 乢乹 乴乨乥 乩乮乴乥乲乳乥乣乴乩乯乮 乯书
乴乨乥 乳乥买乡乲乡乴乩乯乮 乳乵乲书乡乣乥 乡乮乤 乴乨乥 乯乵乴乥乲乭乯乳乴 东乥乬乤 乬乩乮乥 乯书 乴乨乥 书乵乮乮乥乬 乲乥乧乩乯乮丮 乔乨乥乹 乳乨乯乷乥乤 乴乨乡乴 乴乨乥
乬乩乧乨乴 乢乥乮乤乩乮乧 乢乹 乴乨乥 乇乒 乥丛乥乣乴 乣乲乥乡乴乥乳 乴乨乥 乱乵乡乳乩 买乨乯乴乯乮中乲乩乮乧丬 乷乨乩乣乨 乩乳 书乯乲乭乥乤 乢乹 乴乨乥 买乨乯乴乯乮乳
乷乨乩乣乨 乴乵乲乮乥乤 乡乲乯乵乮乤 乴乨乥 乂么 乡书乴乥乲 乴乨乥 乥乭乩乳乳乩乯乮丬 乬乩乫乥 乴乨乥 久么乔 乩乭乡乧乥乳 乡乮乤 乴乨乥 乡乤乤乩乴乩乯乮乡乬 乲乩乮乧乳丬
乷乨乩乣乨 乩乳 书乯乲乭乥乤 乢乹 乴乨乥 乤乩乲乥乣乴 乥乭乩乳乳乩乯乮 书乲乯乭 乴乨乥 乳乥买乡乲乡乴乩乯乮 乳乵乲书乡乣乥丮
乔乨乥 乤乩乲乥乣乴 乣乯乭买乡乲乩乳乯乮乳 乭乡乹 乲乥丝乥乣乴 乴乨乥 乥乬乥乣乴乲乯乭乡乧乮乥乴乩乣 东乥乬乤 乡乮乤 丝乵乩乤 买乲乯买乥乲乴乩乥乳 乩乮 乴乨乥 乪乥乴丮
乆乵乴乵乲乥 乨乩乧乨中乲乥乳乯乬乵乴乩乯乮 乯乢乳乥乲乶乡乴乩乯乮乳 乭乡乹 买乲乯乶乩乤乥 乳乴乲乩乮乧乥乮乴 乣乯乮乳乴乲乡乩乮乴乳 书乯乲 乪乥乴 买乨乹乳乩乣乳丮 乔乨乥乳乥
乳乴乵乤乩乥乳 乨乡乶乥 乳乨乯乷乮 乴乨乡乴 乥乶乥乮 乷乨乥乮 乴乨乥 乳买乡乴乩乡乬 乤乩乳乴乲乩乢乵乴乩乯乮 乯书 乴乨乥 乥乭乩乴乴乩乮乧 乭乡乴乴乥乲 乩乳 乫乮乯乷乮丬
乴乨乥 乥乭乩乳乳乩乯乮 乳乴乲乵乣乴乵乲乥 乩乳 乮乯乴 乴乲乩乶乩乡乬 乢乥乣乡乵乳乥 乯书 乴乨乥 乳买乥乣乩乡乬 乡乮乤 乧乥乮乥乲乡乬 乲乥乬乡乴乩乶乩乳乴乩乣 乥丛乥乣乴乳丮
丳丮临丮 乇乒乍么乄 乓义乍乕乌乁乔义乏乎乓 乗义乔么 乒乁乄义乁乔义乖久 乔乒乁乎乓乆久乒 乃乁乌乃乕乌乁乔义乏乎乓 临丹
2 Kawashima et al.
dio observations (Hada et al. 2011; Asada & Nakamura
2012; Mertens et al. 2016; Walker et al. 2018) and their
theoretical modelings (Nakamura & Asada 2013; Kino
et al. 2014, 2015; Nakamura et al. 2018). The limb-
brightening feature with superluminal blob motions at
15-86 GHz (Kovalev et al. 2007; Hada et al. 2016; Walker
et al. 2018) which is seen down to ⇠ 50 rg (rg ⌘ GM/c2;
Kim et al. 2018) may have hints for driving and emis-
sion mechanisms of the jet (Takahashi et al. 2018; Naka-
mura et al. 2018; Ogihara et al. 2019). More inner re-
gion can be investigated with increasing frequency as
the jet becomes increasingly more transparent. One of
key questions is whether the particle flow starts with
bright emission at the stagnation surface near the jet
edge (Broderick & Tchekhovskoy 2015; Aharonian et al.
2017; Pu et al. 2017).
The Event Horizon Telescope (EHT) observed the cen-
ter of M87 in 2017 with ⇠ 25 µas angular resolution at
230 GHz, and detected the BH shadow surrounded by
bright ring-like emission (Event Horizon Telescope Col-
laboration 2019a,b,c,d,e,f, hereafter EHTC2019a, b, c,
d, e, f). In EHTC2019e, comparing the observational
data to theoretical models which combine GRMHD sim-
ulations and GR ray-tracing radiative-transfer (GRRT)
calculations revealed that the observed ring originates
from di↵use, optically-thin synchrotron emission from
thermal electrons in the accretion disk and/or funnel
wall (i.e., the region just outside the funnel) at r . 4 rg.
However, those calculations in EHTC2019e assumed no
emission from the funnel region (i.e., the ratio of the
magnetic to rest-mass density   > 1), and thus its con-
tribution to the observed ring image has not been thor-
oughly studied yet.
In this Letter, we build a simple model of emission
in the funnel, specifically at the bottom of the stagna-
tion surface (with no emission from the accretion disk
or funnel wall), and examine whether such emission can
reproduce the observed ring-like emission structure by
calculating GRRT and subsequent image reconstruction
assuming EHT arrays.
2. SETUP OF STAGNATION RING MODEL AND
GRRT CALCULATIONS
We compute the images of the stagnation ring with
non-thermal electrons around the Kerr BH, by using a
GRRT code RAIKOU(Kawashima et al. 2019, Kawashima
et al. in prep.). We set the BH-spin parameter a⇤ =
0.5, 0.7, 0.9, and 0.99. Throughout this work, the BH
mass is set to be 6.5⇥109M  (EHTC2019f). The ob-
server screen with the field of view 160µas ⇥ 160µas
divided by 2400⇥2400 pixels is located at 104rg with
viewing angle i = 163 . We assume the distance from
Table 1. Parameters of stagnation ring model.
a⇤ rf [rg] ne(nth) [cm
 3] ⌦ [rg/c] ⌦/⌦H
0.5 13 4.45 ⇥ 102 0.06 ' 0.45
0.7 10 6⇥102 0.08 ' 0.36
0.9 6.5 1.75⇥103 0.15 ' 0.48
0.99 4 3⇥103 0.2 ' 0.46
Note—The parameters B = 50 [G], rsize = 0.5 [rg],
 min = 50,  max = 5⇥ 103, and p = 3.5 are used in
the all models in this letter. The resulting radiative
fluxes at 230 GHz are ' 0.6 Jy in all models.
Figure 1. Location and geometry of the stagnation rings.
Blue, filled circles display the stagnation rings. Gray curves
present outermost streamline in the jet funnel described by
Equation (1). The cyan dashed lines describe the rough po-
sition of the stagnation surface (more precise and detailed
structure is shown in Figure 14 in Nakamura et al. 2018).
The red dotted-lines display the innermost and outermost
photon spheres (Teo 2003, sea also EHTC 2019e), to which
is referred as the photon shell (Johnson et al. 2020). The
photon spheres for the observer with viewing angle i = 163 
exist inside the photon shell.
the BH to the Earth to be D = 16.7 Mpc (Bird et al.
2010).
First of all, we present the location and the structure
of the stagnation ring (see Figure 1). We set e± plasmas
at the bottoms of the stagnation surfaces in the funnel
of the approaching- and counter-jets. Figure 1 presents
the position of the stagnation ring. The position of the
stagnation-ring center locates inside the the outermost
streamline in the jet funnel, which can be represented
by the magnetic stream function (Tchekhovskoy et al.
2008) being connected with outer horizon of the BHs on
3
Figure 2. Images of the stagnation ring taking into account both of the approaching- and counter-jet emission (top), approaching
jet only (middle), and counter jet only (bottom) with PA= 270 . For each BH-spin parameter, the color represents the intensity
normalized by the maximum intensity of the models including both of the approaching- and counter-jet. Since the quasi photon-
ring is too thin and dim in the palel of AJ emission with a⇤ = 0.5, we insert the rectangular box showing the magnified view of
a part of the quasi photon ring and the direct image of AJ. As we mentioned, one can find the sub-ring structure of the quasi
photon-ring in the magnified view.
the equatorial plane:





(1   cos ✓f) = 1, (1)
where (rf , ✓f) describes the outermost streamline in the
jet funnel and rH = rg(1+
p
1   a2⇤) is the outer horizon
radius of the Kerr BHs. We set  = 0.75 in such a way
that the magnetic-streamline shape is consistent with
the VLBI observations (Hada et al. 2016; Kim et al.
2018), and choose rf/rg as summarized in Table 1 to be
consistent with GRMHD simulations (Nakamura et al.
2018).
The radius of cross-section circle of the stagnation
rings (i.e., the radius of the blue circles in Figure 1) is set
to be rsize = 0.5rg, being in rough agreement with the
estimated scale length of the emission region inside the
M87 jet. The synchrotron cooling timescale tsyn limits
the scale length of the emission region as `syn = ctsyn =
3mec
2/4 TUB ± ⇠ 0.3rg(B/50 G) 3/2(⌫syn/230 GHz) 1/2,
where we have assumed that the Lorentz factor of




Physical quantities of stagnation rings are as follows.
We set the magnetic-field strength B = 50 G (Kino
Figu 3.5: Left pa el: The position of the ring where the emitting particles locate. It is
determi ed by he intersection of the separa ion surface and the outermo t field lin of the funnel
region. As the BH p n becomes larger, the separat on surface gets loser to t horizon, and when
a = 0.99, the ring p sition alm st coincide with th photon shell, where a bla k hole spacetime
containing bound null geodesics or “bound orbits” that neither escape to infinity nor fall across the
even horizon. Right panel: The synthetic images of the emission from the separation surface in
which both of the approaching and counter-jet emission (top images), approaching jet only (middle
images), and counter jet only (bottom images) are taking into account. The viewing angle is 163◦. The
BH spin becomes larger from left to right. The inner rings are formed by the photons which turned
around the BH after the emission (quasi photon-ring). The outer rings are formed by the photons
which directly comes from the separation surface. When a = 0.99, the two rings merge because the
separation surface almost coincides with the photon shell. They do not consider the emission from
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4.2.1 Force-Free Jet Model
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Figure 4.1: The schematic picture of our model used in Chapter 4. The electromagnetic field is
described by Equation (4.1), (4.2), and (4.4). The emission material is injected at the height z = z1
and streams with a speed of the drift fluid velocity. We use the optically thin limit to calculate the
synchrotron intensity.
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4.2.2 Non-thermal Electron Energy Distribution and Radiation
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γ′−p for γ′ > γ′m
0 for γ′ < γ′m,
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Table 4.1: Model parameters
乑乵乡乬乩乴乹 乳乹乭乢乯乬 乶乡乬乵乥
乍乡乳乳 乯书 乴乨乥 乂么 MBH 6.2× 109M
乄乩乭乥乮乳乩乯乮乬乥乳乳 之乥乲乲 买乡乲乡乭乥乴乥乲 乯书 乴乨乥 乂么 a 丰丮丹丹丸
乒乯乴乡乴乩乯乮乡乬 书乲乥乱乵乥乮乣乹 乯书 乴乨乥 乭乡乧乮乥乴乩乣 东乥乬乤 ΩF 0.5ΩH
乖乩乥乷乩乮乧 乡乮乧乬乥 Θ 15◦
乊乥乴 乓乨乡买乥 丨久乱乵乡乴乩乯乮 临丮丳丩 ν 丰丮丷丵
乒乡乤乩乵乳 乷乨乥乲乥 n 买乥乡乫乳 乡乴 z = ±z1 Rp 丰
么乥乩乧乨乴 乯书 乴乨乥 买乬乡乮乥 乷乨乥乲乥 n 乩乳 乧乩乶乥乮 乢乹 久乱乵乡乴乩乯乮 丨临丮丸丩 z1 5rS
乗乩乤乴乨 乯书 n 乤乩乳乴乲乩乢乵乴乩乯乮 丨久乱乵乡乴乩乯乮 临丮丸丩 ∆ 2rS
久乮乥乲乧乹 乳买乥乣乴乲乡乬 乩乮乤乥乸 乯书 乴乨乥 乮乯乮中乴乨乥乲乭乡乬 乥乬乥乣乴乲乯乮乳 p 丱丮丱
乍乩乮乩乭乡乬 乌乯乲乥乮乴乺 书乡乣乴乯乲 乯书 乴乨乥 乮乯乮中乴乨乥乲乭乡乬 乥乬乥乣乴乲乯乮乳 γ′m 丱丰丰
乌乵乭乩乮乯乳乩乴乹 乤乩乳乴乡乮乣乥 乴乯 乴乨乥 乪乥乴 D 丱丶丮丷 乍买乣
乂乥乡乭 乳乩乺乥 1.14 乭乡乳 × 0.55 乭乡乳
义乮乣乬乩乮乡乴乩乯乮 乢乥乴乷乥乥乮 乴乨乥 乪乥乴 乡乸乩乳
乡乮乤 乴乨乥 乭乡乪乯乲 乡乸乩乳 乯书 乴乨乥 乢乥乡乭 乫乥乲乮乥乬 16◦
乷乨乥乲乥 γ′ 乩乳 乴乨乥 乌乯乲乥乮乴乺 书乡乣乴乯乲 乯书 乥乬乥乣乴乲乯乮乳 乭乥乡乳乵乲乥乤 乩乮 乴乨乥 丝乵乩乤 书乲乡乭乥丬 γ′m 乩乳 乴乨乥 乭乩乮乩乭乵乭 乶乡乬乵乥
乯书 γ′丬 乡乮乤 p 乩乳 乴乨乥 买乯乷乥乲中乬乡乷 乩乮乤乥乸丮 p 乡乮乤 γ′m 乡乲乥 乳乥乴 乴乯 丱丮丱 乡乮乤 丱丰丰丬 乲乥乳买乥乣乴乩乶乥乬乹丬 乴乨乲乯乵乧乨乯乵乴
乴乨乩乳 乴乨乥乳乩乳丮 乗乥 乳乥乴 乴乨乥 乮乯乮中乴乨乥乲乭乡乬 乥乬乥乣乴乲乯乮 乤乥乮乳乩乴乹 乡乳 乺乥乲乯 乡乬乯乮乧 乴乨乥 东乥乬乤 乬乩乮乥乳 乷乨乩乣乨 乤乯 乮乯乴
买乥乮乥乴乲乡乴乥 乴乨乥 乨乯乲乩乺乯乮丬 乩丮乥丮丬 书乯乲 Ψ > Ψ(r = rH, θ = π/2)丮






























乷乨乥乲乥 e,me, 乡乮乤 Γ̄(x) 乡乲乥 乴乨乥 乥乬乥乭乥乮乴乡乲乹 乣乨乡乲乧乥丬 乴乨乥 乭乡乳乳 乯书 乥乬乥乣乴乲乯乮丬 乡乮乤 乴乨乥 乧乡乭乭乡 书乵乮乣乴乩乯乮丬
乲乥乳买乥乣乴乩乶乥乬乹丮 B′ ≡ |B′|丬 乡乮乤 α′ 乩乳 乴乨乥 买乩乴乣乨 乡乮乧乬乥 乯书 乴乨乥 乥乬乥乣乴乲乯乮乳 乤乥东乮乥乤 乢乹 cosα′ = (n̂′ ·
临丮串丮 乍乏乄久乌 丵丷
B′)/|B′|丬 乷乨乥乲乥 n̂′ 乩乳 乴乨乥 乵乮乩乴 乶乥乣乴乯乲 乤乩乲乥乣乴乩乮乧 乴乯乷乡乲乤 乴乨乥 乯乢乳乥乲乶乥乲 乩乮 乴乨乥 丝乵乩乤 书乲乡乭乥丮 乔乨乥乮
乴乨乥 乥乭乩乳乳乩乶乩乴乹 乡乴 乥乡乣乨 买乯乩乮乴 乩乮 乴乨乥 乪乥乴 乴乨乡乴 乩乳 乲乥乣乥乩乶乥乤 乢乹 乴乨乥 乯乢乳乥乲乶乥乲 乩乳 乧乩乶乥乮 乢乹 丨乒乹乢乩乣乫乩 乡乮乤







乷乨乥乲乥 β 乩乳 乴乨乥 乢乵乬乫 乳买乥乥乤 乮乯乲乭乡乬乩乺乥乤 乢乹 乴乨乥 乳买乥乥乤 乯书 乬乩乧乨乴丬 乡乮乤 Γ 乩乳 乩乴乳 乣乯乲乲乥乳买乯乮乤乩乮乧 乌乯乲乥乮乴乺
书乡乣乴乯乲丮 µ 乩乳 乣乯乳乩乮乥 乯书 乴乨乥 乡乮乧乬乥 乢乥乴乷乥乥乮 乴乨乥 乤乩乲乥乣乴乩乯乮 乯书 乴乨乥 乢乵乬乫 丝乯乷 乡乮乤 乴乨乥 乤乩乲乥乣乴乩乯乮 乯书 乴乨乥
乬乩乮乥 乯书 乳乩乧乨乴 乩乮 乴乨乥 乬乡乢 书乲乡乭乥丮
乔乨乥 乪乥乴 乩乳 乯买乴乩乣乡乬乬乹 乴乨乩乮 书乯乲 乳乹乮乣乨乲乯乴乲乯乮 乲乡乤乩乡乴乩乯乮 乩乮 乴乨乥 乲乥乧乩乯乮 乷乨乥乲乥 乴乨乥 乴乲乩买乬乥中乲乩乤乧乥
乳乴乲乵乣乴乵乲乥 乩乳 乯乢乳乥乲乶乥乤 丨∼ 10 − 30 乭乡乳 书乲乯乭 乴乨乥 乲乡乤乩乯 乣乯乲乥丩 乡乮乤 乡乴 乴乨乥 乷乡乶乥乢乡乮乤乳 乯书 乴乨乯乳乥
乯乢乳乥乲乶乡乴乩乯乮乳 丨乁乳乡乤乡 乥乴 乡乬丮 串丰丱丶主 么乡乤乡 串丰丱丷丩丮 乔乨乥 乯乢乳乥乲乶乥乤 乩乮乴乥乮乳乩乴乹 乩乳 乴乨乥乮 乣乡乬乣乵乬乡乴乥乤 乢乹
Iω(X, Y ) =
∫
jω(n̂, X, Y, Z)dZ, 丨临丮丱串丩
乷乨乥乲乥 dZ 乩乳 乴乨乥 乬乩乮乥 乥乬乥乭乥乮乴 乡乬乯乮乧 乴乨乥 乬乩乮乥 乯书 乳乩乧乨乴丮 (X, Y ) 乡乲乥 乴乨乥 乣乯乯乲乤乩乮乡乴乥乳 乯书 乴乨乥 乳乫乹 乷乩乴乨
乴乨乥 Y 乡乸乩乳 乢乥乩乮乧 乴乨乥 买乲乯乪乥乣乴乥乤 乪乥乴 乡乸乩乳丮 乔乨乥 乶乩乥乷乩乮乧 乡乮乧乬乥 Θ 乩乳 乤乥东乮乥乤 乡乳 乴乨乥 乡乮乧乬乥 乢乥乴乷乥乥乮
乴乨乥 乬乩乮乥 乯书 乳乩乧乨乴 丨Z 乡乸乩乳丩 乡乮乤 乴乨乥 乪乥乴 乡乸乩乳 丨z 乡乸乩乳丩丮 乗乥 东乲乳乴 乯乢乴乡乩乮 乴乨乥 乩乮乴乥乮乳乩乴乹 乭乡买 乯乮 乴乨乥
X − Y 买乬乡乮乥 乢乹 乴乨乥 乣乯乭买乵乴乡乴乩乯乮 乯书 久乱乵乡乴乩乯乮 丨临丮丱串丩 乷乩乴乨 乴乨乥 乳买乡乴乩乡乬 乲乥乳乯乬乵乴乩乯乮 乯书 3rS丬 乡乮乤
乯乢乴乡乩乮 乴乨乥 乳乩乭乵乬乡乴乥乤 乖乌乂义 乩乭乡乧乥 乡书乴乥乲 乴乨乥 乣乯乮乶乯乬乵乴乩乯乮 乷乩乴乨 乡 乇乡乵乳乳乩乡乮 乢乥乡乭 乫乥乲乮乥乬丮
4.2.3 Model Parameters
乏乵乲 乭乯乤乥乬 买乡乲乡乭乥乴乥乲乳 乡乲乥 乳乵乭乭乡乲乩乺乥乤 乩乮 乔乡乢乬乥 临丮丱丮 a丬 γ′m丬 乡乮乤 p 乡乲乥 乳乥乴 乴乯 乴乨乥乩乲 东乤乵乣乩乡乬
乶乡乬乵乥乳 书乯乲 乷乨乩乣乨 乔乡乫乡乨乡乳乨乩 乥乴 乡乬丮 丨串丰丱丸丩 乯乢乴乡乩乮乥乤 乬乩乭乢中乢乲乩乧乨乴乥乮乥乤 乩乭乡乧乥乳丮 乗乨乩乬乥 乔乡乫乡乨乡乳乨乩
乥乴 乡乬丮 丨串丰丱丸丩 乵乳乥乤 乴乨乥 乳乡乭乥 东乤乵乣乩乡乬 乶乡乬乵乥乳 书乯乲 ν丬 Θ丬 乡乮乤 MBH 乡乳 乩乮 乂乲乯乤乥乲乩乣乫 乡乮乤 乌乯乥乢 丨串丰丰丹丩
乴乯 乣乯乭买乡乲乥 乴乨乥乩乲 乣乡乬乣乵乬乡乴乩乯乮 乲乥乳乵乬乴乳丬 乷乥 乲乥买乬乡乣乥 乴乨乥乭 乷乩乴乨 乴乨乥 乶乡乬乵乥乳 乲乯乵乧乨乬乹 乣乯乮乳乩乳乴乥乮乴 乷乩乴乨
乲乥乣乥乮乴 乯乢乳乥乲乶乡乴乩乯乮乳 乯书 乴乨乥 乍丸丷 乪乥乴丮 乎乡乫乡乭乵乲乡 乥乴 乡乬丮 丨串丰丱丸丩 乳乨乯乷 乴乨乡乴 乴乨乥 乷乩乤乴乨 乯书 乴乨乥 乯乢乳乥乲乶乥乤
乪乥乴 乯书 乍丸丷 乣乡乮 乢乥 东乴乴乥乤 乢乹 z ∝ R1.6 丨乳乥乥 乡乬乳乯 乁乳乡乤乡 乡乮乤 乎乡乫乡乭乵乲乡 串丰丱串主 乎乡乫乡乭乵乲乡 乡乮乤
乁乳乡乤乡 串丰丱丳主 么乡乤乡 乥乴 乡乬丮 串丰丱丳丩丮 乓乩乮乣乥 久乱乵乡乴乩乯乮 丨临丮丳丩 乩乮乤乩乣乡乴乥乳 乴乨乡乴 乴乨乥 乳乨乡买乥 乯书 乥乡乣乨 东乥乬乤
丵丸 乃么乁乐乔久乒 临丮 乁 乍久乃么乁乎义乓乍 乆乏乒 乔么久 乔乒义乐乌久中乒义乄乇久 久乍义乓乓义乏乎 乓乔乒乕乃乔乕乒久




























Figure 4.2: Left panel: The computed image with the computational resolution of 3rS. Right panel:
The image convolved with the beam size (1.14 mas × 0.55 mas), where the beam size is plotted as
the gray circle at the bottom left corner. The intensity is normalized by each maximum value, and
the contours represent the intensity at 2−k (k = 1, 2, 3, ..., 27 for the left panel and k = 1, 2, 3, ..., 21
for the right panel). The number of the contour lines is not the same as in Takahashi et al. (2018).





























Figure 4.3: Spatial distribution of B′, n′, vp/vφ, and 1/Γ2(1 − βµ)3 for Θ = 15◦ in the northern
hemisphere. B′ and n′ are normalized by each maximum value. The white solid lines are the z axis,
and the gray dashed lines represent the field lines passing through the BH horizon at the equatorial
plane. The dotted lines are the contours of 10−2, 10−2.5, 10−3, and 10−3.5 in the upper left panel,
10−4, 10−5, and 10−6 in the upper right panel, 1 and 10 in the lower left panel, and 1000, 2000, 3000,
and 4000 in the lower right panel. Note that 1rS corresponds to ≈ 7.3µas.
丶丰 乃么乁乐乔久乒 临丮 乁 乍久乃么乁乎义乓乍 乆乏乒 乔么久 乔乒义乐乌久中乒义乄乇久 久乍义乓乓义乏乎 乓乔乒乕乃乔乕乒久
乬乩乮乥 乯乢乥乹乳 z ∝ R2/(2−ν) 乡乳乹乭买乴乯乴乩乣乡乬乬乹丬 乷乥 乡乤乯买乴 ν = 0.75 乡乳乳乵乭乩乮乧 乴乨乡乴 乴乨乥 乯乢乳乥乲乶乥乤 乪乥乴
乷乩乤乴乨 乲乥丝乥乣乴乳 乴乨乥 乭乡乧乮乥乴乩乣 东乥乬乤 乳乴乲乵乣乴乵乲乥丮 乔乨乥 乂么 乭乡乳乳 乡乮乤 乴乨乥 乶乩乥乷乩乮乧 乡乮乧乬乥 乡乲乥 乳乥乴 乢乹
MBH = 6.2 × 109M 丨乇乥乢乨乡乲乤乴 乥乴 乡乬丮 串丰丱丱为乲乥乳乣乡乬乥乤 书乯乲 D = 16.7 乍买乣丩 乡乮乤 Θ = 15◦ 丨乗乡乮乧
乡乮乤 乚乨乯乵 串丰丰丹丩丬 乲乥乳买乥乣乴乩乶乥乬乹丮 乔乨乥乮 1 乭乡乳 乣乯乲乲乥乳买乯乮乤乳 乴乯 ≈ 136rS 书乯乲 D = 16.7 乍买乣丮 乗乥
乵乳乥 乴乨乥 乢乥乡乭 乳乩乺乥 乯书 丱丮丱临 乭乡乳 × 丰丮丵丵 乭乡乳丬 书乯乲 乷乨乩乣乨 乡 乴乲乩买乬乥中乲乩乤乧乥 乩乭乡乧乥 乯书 乴乨乥 乍丸丷 乪乥乴 乷乡乳
乯乢乴乡乩乮乥乤 丨么乡乤乡 串丰丱丷丩丮 乎乯乴乥 乴乨乡乴 乴乨乥 乢乥乡乭 乳乩乺乥 乩乳 乬乡乲乧乥乲 乴乨乡乮 乴乨乡乴 乯书 乔乡乫乡乨乡乳乨乩 乥乴 乡乬丮 丨串丰丱丸丩丮
乁乳 书乯乲 Rp,∆, 乡乮乤 z1丬 乔乡乫乡乨乡乳乨乩 乥乴 乡乬丮 丨串丰丱丸丩 乳乨乯乷乥乤 乴乨乥 乤乥买乥乮乤乥乮乣乥 乯书 乴乨乥 乩乭乡乧乥 乯乮 Rp
乷乩乴乨 东乸乥乤 乶乡乬乵乥乳 乯书 ∆ 乡乮乤 z1丮 义乮 乴乨乥 乣乡乳乥 乯书 Rp = 0丬 乴乨乥 乪乥乴 乩乭乡乧乥 乨乡乳 乯乮乥 乣乯乭买乯乮乥乮乴 乡乲乯乵乮乤
乴乨乥 乡乸乩乳丬 乷乨乩乬乥 乩乮 乴乨乥 乣乡乳乥 乯书 Rp > 0 丨乥丮乧丮丬 Rp = 40 rS丬 乷乨乩乣乨 乩乳 乴乨乥 东乤乵乣乩乡乬 乶乡乬乵乥 乩乮 乴乨乥乩乲
买乡买乥乲丩丬 乬乩乭乢中乢乲乩乧乨乴乥乮乥乤 乩乭乡乧乥乳 乡乲乥 乯乢乴乡乩乮乥乤丮 乔乨乥乹 书乯乣乵乳乥乤 乯乮 乴乨乥 乲乥乧乩乯乮 ∼ 1 − 4 乭乡乳 书乲乯乭
乴乨乥 乲乡乤乩乯 乣乯乲乥丬 乷乨乩乣乨 乩乳 乮乥乡乲乥乲 乴乨乡乮 ∼ 10 − 30 乭乡乳 乷乨乥乲乥 乴乨乥 乴乲乩买乬乥中乲乩乤乧乥 乳乴乲乵乣乴乵乲乥 乯书 乴乨乥
乍丸丷 乪乥乴 乩乳 乯乢乳乥乲乶乥乤丮 久乶乥乮 乴乨乯乵乧乨 乷乥 乣乯乭买乵乴乥 乩乭乡乧乥乳 乷乩乴乨 乴乨乥 乳乡乭乥 买乡乲乡乭乥乴乥乲乳 乡乳 乔乡乫乡乨乡乳乨乩
乥乴 乡乬丮 丨串丰丱丸丩 书乯乲 乴乨乥 书乡乲 乲乥乧乩乯乮丬 乴乨乥 乴乲乩买乬乥中乲乩乤乧乥 乳乴乲乵乣乴乵乲乥 乣乡乮乮乯乴 乢乥 乯乢乴乡乩乮乥乤丬 乡乳 乳乨乯乷乮 乩乮
乁买买乥乮乤乩乸 临丮临丮临丮 么乯乷乥乶乥乲丬 乷乥 书乯乵乮乤 乴乨乡乴 乴乨乥 乩乮乴乥乮乳乩乴乹 乭乡买 乢乥书乯乲乥 乴乨乥 乣乯乮乶乯乬乵乴乩乯乮 书乯乲 Rp = 0
乨乡乳 乡 乤乩乳乴乩乮乣乴 乢乲乩乧乨乴 乣乯乭买乯乮乥乮乴 乡乬乯乮乧 乴乨乥 乪乥乴 乡乸乩乳 乴乨乡乴 乭乡乹 乣乯乲乲乥乳买乯乮乤 乴乯 乴乨乥 乯乢乳乥乲乶乥乤 乩乮乮乥乲中
乲乩乤乧乥 丨乳乥乥 乆乩乧乵乲乥 临丮丷丩丮 乔乨乥乮 乷乥 东乸乥乤 Rp = 0丬 乷乨乩乬乥 乳乥乴乴乩乮乧 乬乡乲乧乥 ∆ 乴乯 乨乡乶乥 乡 乢乲乩乧乨乴乥乲 乪乥乴 乥乤乧乥丬
乡乮乤 书乯乵乮乤 乴乨乡乴 乴乨乥 乴乲乩买乬乥中乲乩乤乧乥 乩乭乡乧乥 乣乡乮 乢乥 乯乢乴乡乩乮乥乤 乷乩乴乨 ∆ = 2rS 乡乮乤 z1 = 5rS丮 乗乥 乳乨乯乷
乴乨乥 乣乡乬乣乵乬乡乴乩乯乮 乲乥乳乵乬乴乳 乷乩乴乨 乴乨乥乳乥 买乡乲乡乭乥乴乥乲 乶乡乬乵乥乳 乩乮 乴乨乥 乮乥乸乴 乳乥乣乴乩乯乮丮
乎乯乴乥 乴乨乡乴 A 乡乮乤 n0 乳乨乯乵乬乤 乢乥 乳买乥乣乩东乥乤 乴乯 乯乢乴乡乩乮 乡乢乳乯乬乵乴乥 乩乮乴乥乮乳乩乴乹丮 乔乡乫乡乨乡乳乨乩 乥乴 乡乬丮 丨串丰丱丸丩
乳乨乯乷乥乤 乴乨乡乴 乲乥乡乳乯乮乡乢乬乥 乶乡乬乵乥乳 书乯乲 乴乨乥乭 乣乡乮 乬乥乡乤 乴乯 乴乨乥 乯乢乳乥乲乶乥乤 乬乥乶乥乬 乯书 乩乮乴乥乮乳乩乴乹丮 么乯乷乥乶乥乲丬
乴乨乥 乡乢乳乯乬乵乴乥 乩乮乴乥乮乳乩乴乹 乡乬乳乯 乤乥买乥乮乤乳 乯乮 乯乴乨乥乲 乵乮乣乥乲乴乡乩乮 买乡乲乡乭乥乴乥乲乳 丨p 乡乮乤 γ′m丩 乡乳 乷乥乬乬 乡乳 乴乨乥
买乨乹乳乩乣乡乬 买乲乯乣乥乳乳乥乳 乴乨乡乴 乷乥 乤乯 乮乯乴 乴乡乫乥 乩乮乴乯 乡乣乣乯乵乮乴 乩乮 乯乵乲 乣乵乲乲乥乮乴 乭乯乤乥乬 乳乵乣乨 乡乳 乴乨乥 乲乡乤乩乡乴乩乶乥
乣乯乯乬乩乮乧 乡乮乤 乲乥乡乣乣乥乬乥乲乡乴乩乯乮 乯书 乥乬乥乣乴乲乯乮乳丮 义乮 乴乨乩乳 买乡买乥乲丬 乷乥 乴乲乥乡乴 A 乡乮乤 n0 乡乲乢乩乴乲乡乲乩乬乹 乡乮乤 书乯乣乵乳
乯乮 乴乨乥 乲乥乬乡乴乩乶乥 乩乮乴乥乮乳乩乴乹 乡乬乯乮乧 乴乨乥 乴乲乡乮乳乶乥乲乳乥 乤乩乲乥乣乴乩乯乮 乯书 乪乥乴乳 乩乮 乯乲乤乥乲 乴乯 乳乩乭买乬乹 乩乬乬乵乳乴乲乡乴乥 乯乵乲
乮乯乶乥乬 乩乤乥乡 乯乮 乴乨乥 乭乥乣乨乡乮乩乳乭 书乯乲 乴乨乥 乴乲乩买乬乥中乲乩乤乧乥 乩乭乡乧乥乳丮
临丮丳丮 乒久乓乕乌乔乓 丶丱
4.3 Results
义乮 乓乥乣乴乩乯乮 临丮丳丮丱丬 乷乥 乳乨乯乷 乴乨乥 乲乥乳乵乬乴乡乮乴 乩乭乡乧乥 乯书 乴乨乥 乴乲乩买乬乥中乲乩乤乧乥 乳乴乲乵乣乴乵乲乥丬 乡乮乤 东乧乵乲乥 乯乵乴 乩乴乳
买乨乹乳乩乣乡乬 乯乲乩乧乩乮丮 义乮 乓乥乣乴乩乯乮 临丮丳丮串丬 乷乥 乤乥乭乯乮乳乴乲乡乴乥 乴乨乥 买乡乲乡乭乥乴乥乲 乤乥买乥乮乤乥乮乣乥 乯书 乴乨乥 乩乭乡乧乥 乯乮
乴乨乥 书乲乥乥 买乡乲乡乭乥乴乥乲乳 乯乮 乴乨乥 乧乥乯乭乥乴乲乹 乯书 乴乨乥 乪乥乴 Θ 乡乮乤 ν 乡乮乤 乴乨乯乳乥 乯乮 乴乨乥 乥乬乥乣乴乲乯乮乳丧 乳买乡乴乩乡乬
乤乩乳乴乲乩乢乵乴乩乯乮 ∆ 乡乮乤 z1丮
4.3.1 Triple-ridge Structure
乆乩乧乵乲乥 临丮串 乳乨乯乷乳 乴乨乥 乲乥乳乵乬乴乡乮乴 乩乭乡乧乥 乷乩乴乨 乴乨乥 乣乯乭买乵乴乡乴乩乯乮乡乬 乲乥乳乯乬乵乴乩乯乮 丨乬乥书乴 买乡乮乥乬丩 乡乮乤 乴乨乥
乯乮乥 乣乯乮乶乯乬乶乥乤 乷乩乴乨 乴乨乥 乇乡乵乳乳乩乡乮 乢乥乡乭 丨乲乩乧乨乴 买乡乮乥乬丩丮 乔乨乥 乇乡乵乳乳乩乡乮 乢乥乡乭 乳乩乺乥 乩乳 乲乥买乲乥乳乥乮乴乥乤
乡乳 乴乨乥 乧乲乡乹 乣乩乲乣乬乥 乩乮 乴乨乥 乢乯乴乴乯乭 乬乥书乴 乣乯乲乮乥乲 乯书 乴乨乥 乲乩乧乨乴 买乡乮乥乬丮 乆乯乲 乢乯乴乨 乯书 乴乨乥 乩乭乡乧乥乳丬 乴乨乥
乩乮乴乥乮乳乩乴乹 乩乳 乮乯乲乭乡乬乩乺乥乤 乢乹 乥乡乣乨 乭乡乸乩乭乵乭 乶乡乬乵乥 乡乮乤 乴乨乥 乣乯乮乴乯乵乲乳 乲乥买乲乥乳乥乮乴 乴乨乥 乩乮乴乥乮乳乩乴乹 乡乴 2−k
(k = 1, 2, 3, ...)丮 义乮 乡乤乤乩乴乩乯乮 乴乯 乴乨乥 乮乥乡乲乬乹 乳乹乭乭乥乴乲乩乣 乴乷乯 乯乵乴乥乲中乲乩乤乧乥乳丬 乴乨乥 乩乮乮乥乲中乲乩乤乧乥 乥乭乥乲乧乥乳
乩乮 乢乯乴乨 乩乭乡乧乥乳丮 义乮 乴乨乥 乬乥书乴 买乡乮乥乬 乷乥 东乮乤 乴乨乡乴 乴乨乥 乩乮乮乥乲中乲乩乤乧乥 乥乸乴乥乮乤乳 乡乬乯乮乧 乴乨乥 乪乥乴 乡乸乩乳 乡乮乤 乨乡乳
乡乮 乡乳乹乭乭乥乴乲乩乣 乳乨乡买乥丮 乔乨乥 乲乩乧乨乴 买乡乮乥乬 乳乨乯乷乳 乴乨乡乴 乴乨乥 乴乲乩买乬乥中乲乩乤乧乥 乳乴乲乵乣乴乵乲乥 乩乳 乨乩乧乨乬乹 乳乭乯乯乴乨乥乤
乢乹 乴乨乥 乣乯乮乶乯乬乵乴乩乯乮 乢乵乴 乳乴乩乬乬 乲乥乭乡乩乮乳 乩乮 Y > 15 乭乡乳丮 乔乨乥 乣乯乵乮乴乥乲 乪乥乴 乡买买乥乡乲乳 乩乮 Y < 0 乩乮 乴乨乥
乬乥书乴 买乡乮乥乬 乡乮乤 乯乶乥乲乷乨乥乬乭乥乤 乢乹 乴乨乥 乢乲乩乧乨乴 乣乯乲乥 乩乮 乴乨乥 乲乩乧乨乴 买乡乮乥乬丮
乔乨乥 买乨乹乳乩乣乡乬 乲乥乡乳乯乮 乯书 乴乨乩乳 乴乲乩买乬乥中乲乩乤乧乥 乩乭乡乧乥 乣乡乮 乢乥 乥乸买乬乡乩乮乥乤 乢乹 书乯乣乵乳乩乮乧 乯乮 乴乨乥 乤乥买乥乮中




Γ2(1− βµ)3 . 丨临丮丱丳丩
乗乥 乳乨乯乷 乴乨乥 乤乩乳乴乲乩乢乵乴乩乯乮 乯书 乴乨乥 乴乨乲乥乥 书乡乣乴乯乲乳丬 乡乳 乷乥乬乬 乡乳 vp/vφ丬 乩乮 乆乩乧乵乲乥 临丮丳丮 乎乯乴乥 乴乨乡乴 乴乨乥
乤乩乳乴乲乩乢乵乴乩乯乮 乯书 sinα′ 乩乳 乮乯乴 乲乥乬乥乶乡乮乴 乴乯 乴乨乥 乩乭乡乧乥 乳乴乲乵乣乴乵乲乥 乩乮 乴乨乩乳 买乲乯乢乬乥乭 丨乢乵乴 乳乥乥 乓乨乩乢乡乴乡
乥乴 乡乬丮 串丰丰丳为 书乯乲 乴乨乥 买乲乯乢乬乥乭 乯乮 乩乭乡乧乥乳 乯书 买乵乬乳乡乲 乷乩乮乤 乮乥乢乵乬乡乥丩丮 乗乥 乣乯乮东乲乭乥乤 乴乨乡乴 乴乨乥 乳乨乡买乥
乯书 乣乯乭买乵乴乥乤 乩乭乡乧乥乳 乷乩乴乨 乡乲乴乩东乣乩乡乬乬乹 乳乥乴乴乩乮乧 sinα′ = 1 乤乯 乮乯乴 乣乨乡乮乧乥 书乲乯乭 乴乨乯乳乥 乳乨乯乷乮 乩乮
乆乩乧乵乲乥 临丮串丮
乔乨乥 乵买买乥乲 乬乥书乴 买乡乮乥乬 乯书 乆乩乧乵乲乥 临丮丳 乳乨乯乷乳 乴乨乥 买乲乯东乬乥 乯书 B′丬 乷乨乩乣乨 乩乳 乲乯乵乧乨乬乹 乵乮乤乥乲乳乴乯乯乤 乢乹
丶串 乃么乁乐乔久乒 临丮 乁 乍久乃么乁乎义乓乍 乆乏乒 乔么久 乔乒义乐乌久中乒义乄乇久 久乍义乓乓义乏乎 乓乔乒乕乃乔乕乒久


















乆乯乲 乡 乧乩乶乥乮 R丬 乥乡乣乨 乣乯乭买乯乮乥乮乴 乩乳 乲乯乵乧乨乬乹 买乲乯买乯乲乴乩乯乮乡乬 乴乯 Ψ丬 乳乯 乴乨乡乴 乩乴 乤乥乣乲乥乡乳乥乳 书乯乲 乬乡乲乧乥乲 z丮
乔乨乥 乌乯乲乥乮乴乺 乴乲乡乮乳书乯乲乭乡乴乩乯乮 书乲乯乭 乴乨乥 乬乡乢 书乲乡乭乥 乴乯 乴乨乥 丝乵乩乤 书乲乡乭乥 乤乯乥乳 乮乯乴 乳乩乧乮乩东乣乡乮乴乬乹 乣乨乡乮乧乥
乴乨乥 买乲乯东乬乥丮 乔乨乥 乵买买乥乲 乲乩乧乨乴 买乡乮乥乬 乯书 乆乩乧乵乲乥 临丮丳 乳乨乯乷乳 乴乨乥 乤乥乮乳乩乴乹 乤乩乳乴乲乩乢乵乴乩乯乮丮 乁乴 乨乩乧乨 z丬
乴乨乥 乤乥乮乳乩乴乹 乡乲乯乵乮乤 乴乨乥 乡乸乩乳 乢乥乣乯乭乥乳 乭乵乣乨 乳乭乡乬乬乥乲 乴乨乡乮 乴乨乥 乪乥乴 乥乤乧乥 乥乶乥乮 乴乨乯乵乧乨 乷乥 乳乥乴 乴乨乥
乤乥乮乳乩乴乹 乤乩乳乴乲乩乢乵乴乩乯乮 乣乯乮乣乥乮乴乲乡乴乥乤 乡乲乯乵乮乤 乴乨乥 乡乸乩乳 乡乴 z = z1丮 乔乨乩乳 乩乳 乢乥乣乡乵乳乥 乴乨乥 乤乩乳乴乲乩乢乵乴乩乯乮
乡乬乯乮乧 乴乨乥 东乥乬乤 乬乩乮乥 乩乳 乤乥乲乩乶乥乤 书乲乯乭 久乱乵乡乴乩乯乮 丨临丮丷丩 乡乮乤 乴乨乥 乭乡乧乮乥乴乩乣 东乥乬乤 乩乳 乳乴乲乯乮乧乥乲 乡乲乯乵乮乤
乴乨乥 乪乥乴 乥乤乧乥丮 乔乨乥乲乥书乯乲乥丬 乯乮乥 乣乡乮 乳乥乥 乴乨乡乴 乴乨乥 乢乲乩乧乨乴 乯乵乴乥乲中乲乩乤乧乥乳 乡乲乥 买乲乯乤乵乣乥乤 乢乹 乴乨乥 乳乴乲乯乮乧
乭乡乧乮乥乴乩乣 东乥乬乤 乡乮乤 乨乩乧乨 乤乥乮乳乩乴乹 乡乲乯乵乮乤 乴乨乥 乪乥乴 乥乤乧乥丮
乔乨乥 乭乡乧乮乥乴乩乣 东乥乬乤 乩乳 乷乥乡乫乥乲 乡乮乤 乴乨乥 乥乬乥乣乴乲乯乮 乤乥乮乳乩乴乹 乩乳 乬乯乷乥乲 乡乲乯乵乮乤 乴乨乥 乡乸乩乳丬 乢乵乴 乴乨乥 乳乴乲乯乮乧
乲乥乬乡乴乩乶乩乳乴乩乣 乢乥乡乭乩乮乧 乭乡乫乥乳 乴乨乥 乢乲乩乧乨乴 乩乮乮乥乲中乲乩乤乧乥丮 乁乳 乳乥乥乮 乩乮 久乱乵乡乴乩乯乮 丨临丮丱临丩 乴乨乥 乭乡乧乮乥乴乩乣
东乥乬乤 乩乳 买乯乬乯乩乤乡乬 乤乯乭乩乮乡乮乴 乡乴 R c/ΩF 乡乮乤 乴乯乲乯乩乤乡乬 乤乯乭乩乮乡乮乴 乡乴 R c/ΩF 丨c/ΩF ' 2.13 rS丩丮
乃乯乲乲乥乳买乯乮乤乩乮乧乬乹丬 乴乨乥 丝乵乩乤 乶乥乬乯乣乩乴乹 乩乳 乴乯乲乯乩乤乡乬 乤乯乭乩乮乡乮乴 乡乴 R  c/ΩF 乡乮乤 买乯乬乯乩乤乡乬 乤乯乭乩乮乡乮乴
乡乴 R  c/ΩF 丨乳乥乥 乴乨乥 乬乯乷乥乲 乬乥书乴 买乡乮乥乬 乯书 乆乩乧乵乲乥 临丮丳丩丮 义乮 乢乥乴乷乥乥乮丬 乴乨乥乲乥 乩乳 乡 乲乥乧乩乯乮 乷乨乥乲乥
乴乨乥 丝乵乩乤 乶乥乬乯乣乩乴乹 乩乳 乡乬乭乯乳乴 买乡乲乡乬乬乥乬 乴乯 乴乨乥 乬乩乮乥 乯书 乳乩乧乨乴丬 乩丮乥丮丬 µ ≈ 1丮 乔乨乩乳 乥乮乨乡乮乣乥乳 乴乨乥 书乡乣乴乯乲
1/Γ2(1 − βµ)3丬 乡乳 乳乨乯乷乮 乩乮 乴乨乥 乬乯乷乥乲 乲乩乧乨乴 买乡乮乥乬 乯书 乆乩乧乵乲乥 临丮丳丮 乁乬乴乨乯乵乧乨 乴乨乥 乭乡乧乮乥乴乩乣 东乥乬乤丬
乥乬乥乣乴乲乯乮 乤乥乮乳乩乴乹丬 乡乮乤 乴乨乥 乌乯乲乥乮乴乺 书乡乣乴乯乲 乡乲乥 乳乭乡乬乬 乮乥乡乲 乴乨乥 乪乥乴 乡乸乩乳丬 乴乨乥 乢乥乡乭乩乮乧 乥丛乥乣乴 买乲乯乤乵乣乥乳
乴乨乥 乢乲乩乧乨乴 乳乨乡乲买 乩乮乮乥乲中乲乩乤乧乥丮
乔乨乥 乴乲乡乮乳乶乥乲乳乥 乷乩乤乴乨 乯书 乴乨乥 乲乥乬乡乴乩乶乩乳乴乩乣乡乬乬乹 乢乥乡乭乥乤 乡乲乥乡丬 ∼ 10rS ∼ 0.1 乭乡乳丬 乳乨乯乷乮 乩乮 乴乨乥
乢乯乴乴乯乭 乲乩乧乨乴 买乡乮乥乬 乯书 乆乩乧乵乲乥 临丮丳 乣乯乲乲乥乳买乯乮乤乳 乴乯 乴乨乥 乷乩乤乴乨 乯书 乴乨乥 乩乮乮乥乲中乲乩乤乧乥 乯书 乴乨乥 乬乥书乴 买乡乮乥乬
乯书 乆乩乧乵乲乥 临丮串丮 乗乥 乥乸买乥乣乴 乴乨乡乴 乯乢乳乥乲乶乡乴乩乯乮乳 乷乩乴乨 乢乥乴乴乥乲 乲乥乳乯乬乵乴乩乯乮 乣乡乮 买乲乯乶乩乤乥 乴乨乥 乮乡乲乲乯乷乥乲
乩乮乮乥乲中乲乩乤乧乥丮 乂乥乳乩乤乥乳丬 乴乨乥 乩乮乮乥乲中乲乩乤乧乥 乡买买乥乡乲乳 乯乮乬乹 乩乮 乯乮乥 乳乩乤乥 乯书 乴乨乥 乪乥乴 乡乸乩乳丮 乗乨乩乣乨 乳乩乤乥 乴乨乥
乩乮乮乥乲中乲乩乤乧乥 乡买买乥乡乲乳 乤乥买乥乮乤乳 乯乮 乴乨乥 乳乩乧乮 乯书 ΩF 乡乮乤 乴乥乬乬乳 乵乳 乴乨乥 乤乩乲乥乣乴乩乯乮 乯书 乴乨乥 乂么 乲乯乴乡乴乩乯乮丮
临丮丳丮 乒久乓乕乌乔乓 丶丳
4.3.2 Parameter Dependence
乗乥 乣乡乬乣乵乬乡乴乥 乴乨乥 乩乭乡乧乥乳 乷乩乴乨 乤乩丛乥乲乥乮乴 Θ, ν,∆ 乡乮乤 z1 乴乯 乥乸乡乭乩乮乥 乴乨乥 买乡乲乡乭乥乴乥乲 乤乥买乥乮乤乥乮乣乥
乯乮 乴乨乥 乩乭乡乧乥 乳乴乲乵乣乴乵乲乥丮 乆乯乲 乩乬乬乵乳乴乲乡乴乩乯乮丬 乷乥 乴乡乫乥 Y = 25 乭乡乳丬 书乯乲 乷乨乩乣乨 乷乥 买乬乯乴 乴乨乥 乲乥乳乵乬乴乡乮乴
乴乲乡乮乳乶乥乲乳乥 乩乮乴乥乮乳乩乴乹 买乲乯东乬乥乳 乩乮 乆乩乧乵乲乥 临丮临丮 乎乯乴乥 乴乨乡乴 乷乥 乮乯乲乭乡乬乩乺乥 乴乨乥 乩乮乴乥乮乳乩乴乹 乢乹 乴乨乥 乶乡乬乵乥
乡乴 X = 0 乯书 乥乡乣乨 乬乩乮乥 乩乮 乆乩乧乵乲乥 临丮临丮 乔乨乥 乵买买乥乲 乬乥书乴 买乡乮乥乬 乲乥买乲乥乳乥乮乴乳 乴乨乥 乩乮乴乥乮乳乩乴乹 买乲乯东乬乥乳 乩乮
乴乨乥 乣乡乳乥 乯书 Θ = 7◦, 10◦, 15◦, 20◦, 乡乮乤 75◦ 乷乩乴乨 乴乨乥 乯乴乨乥乲 买乡乲乡乭乥乴乥乲乳 乵乮乣乨乡乮乧乥乤丮 乆乯乲 乳乭乡乬乬乥乲
Θ丬 乴乨乥 乲乥乬乡乴乩乯乮 z = Y/ sin Θ 书乯乲 乡 东乸乥乤 乶乡乬乵乥 乯书 Y 乭乥乡乮乳 乴乨乡乴 乴乨乥 乬乩乮乥 乯书 乳乩乧乨乴 买乡乳乳乥乳 乴乨乥
买乯乩乮乴乳 书乡乲乴乨乥乲 书乲乯乭 乴乨乥 乂么丬 乡乮乤 乴乨乥乮 乴乨乥 乪乥乴 乷乩乤乴乨 乡买买乥乡乲乳 乴乯 乢乥 乬乡乲乧乥乲丮 乆乯乲 乬乡乲乧乥乲 Θ丬 乴乨乥
乯乵乴乥乲中乲乩乤乧乥乳 乡乲乥 乤乥乢乥乡乭乥乤 乢乥乣乡乵乳乥 乴乨乥 乬乩乮乥 乯书 乳乩乧乨乴 乡乮乤 乴乨乥 乢乥乡乭乩乮乧 乣乯乮乥 乯书 乴乨乥 乯乵乴乥乲中乲乩乤乧乥乳
乡乲乥 乭乩乳乡乬乩乧乮乥乤丬 乷乨乩乬乥 乴乨乥 乩乮乮乥乲中乲乩乤乧乥 乲乥乭乡乩乮乳丮
乔乨乥 乵买买乥乲 乲乩乧乨乴 买乡乮乥乬 乯书 乆乩乧乵乲乥 临丮临 乳乨乯乷乳 乴乨乥 乩乮乴乥乮乳乩乴乹 买乲乯东乬乥乳 乩乮 乴乨乥 乣乡乳乥 乯书 ν = 0.7, 0.75,
乡乮乤 0.8 乷乩乴乨 乴乨乥 乯乴乨乥乲 买乡乲乡乭乥乴乥乲乳 乵乮乣乨乡乮乧乥乤丮 乗乨乥乮 ν 乩乮乣乲乥乡乳乥乳丬 乴乨乥 东乥乬乤 乬乩乮乥乳 乡乮乤 乤乥乮乳乩乴乹
乣乯乮乣乥乮乴乲乡乴乥 乴乯 乴乨乥 乡乸乩乳丮 乔乨乩乳 乬乥乡乤乳 乴乯 乡 乣乡乮乤乬乥中丝乡乭乥中乬乩乫乥 乳乨乡买乥乤 乩乭乡乧乥丮 乏乮 乴乨乥 乯乴乨乥乲 乨乡乮乤丬
乷乨乥乮 ν 乤乥乣乲乥乡乳乥乳丬 乴乨乥 东乥乬乤 乬乩乮乥乳 乡乮乤 乤乥乮乳乩乴乹 乤乩乳乴乲乩乢乵乴乩乯乮 乥乸买乡乮乤丮 乔乨乩乳 乲乥乳乵乬乴乳 乩乮 乴乨乥 乢乲乩乧乨乴
乯乵乴乥乲中乲乩乤乧乥乳丬 乷乨乩乣乨 乤乯乭乩乮乡乴乥 乴乨乥 乩乮乮乥乲中乲乩乤乧乥 乣乯乭买乯乮乥乮乴丮
乁乳 书乯乲 乴乨乥 乤乥买乥乮乤乥乮乣乥 乯乮 乴乨乥 买乡乲乡乭乥乴乥乲乳 乲乥乬乡乴乥乤 乴乯 乴乨乥 乤乥乮乳乩乴乹 乤乩乳乴乲乩乢乵乴乩乯乮丬 乷乥 乥乸乡乭乩乮乥
乯乮乬乹 乴乨乥 乤乥买乥乮乤乥乮乣乥 乯乮 ∆ 乡乮乤 z1 乢乥乣乡乵乳乥 乴乨乥 乤乥买乥乮乤乥乮乣乥 乯乮 Rp 乩乳 乡乬乲乥乡乤乹 乤乩乳乣乵乳乳乥乤 乩乮
乔乡乫乡乨乡乳乨乩 乥乴 乡乬丮 丨串丰丱丸丩丮 乁乳 ∆ 乩乮乣乲乥乡乳乥乳 乯乲 z1 乤乥乣乲乥乡乳乥乳丬 乴乨乥 乤乥乮乳乩乴乹 乩乮 乴乨乥 乪乥乴 乥乤乧乥 乩乮乣乲乥乡乳乥乳
乡乮乤 乴乨乥 乯乵乴乥乲中乲乩乤乧乥乳 乢乥乣乯乭乥 乢乲乩乧乨乴乥乲 乡乳 乳乨乯乷乮 乩乮 乴乨乥 乬乯乷乥乲 买乡乮乥乬乳 乩乮 乆乩乧乵乲乥 临丮临丮 乔乨乥 买乯乳乩乴乩乯乮乳
X 乯书 乴乨乥 乯乵乴乥乲中乲乩乤乧乥 买乥乡乫乳 乤乯 乮乯乴 乣乨乡乮乧乥 乢乥乴乷乥乥乮 乴乨乥 乣乡乳乥乳 乯书 ∆ = 2rS 乡乮乤 ∆ = 3rS丬 乡乮乤
乢乥乴乷乥乥乮 乴乨乥 乣乡乳乥乳 乯书 z1 = 2.5rS 乡乮乤 z1 = 5rS 乢乥乣乡乵乳乥 乴乨乥 乪乥乴 乷乩乤乴乨 乩乳 乬乩乭乩乴乥乤 乢乹 乴乨乥 乯乵乴乥乲乭乯乳乴
乭乡乧乮乥乴乩乣 东乥乬乤 乬乩乮乥 乴乨乲乥乡乤乩乮乧 乴乨乥 乂么丮 乁乬乴乨乯乵乧乨 乯乵乲 乳乥乴乵买 乯书 乴乨乥 乥乬乥乣乴乲乯乮 乤乥乮乳乩乴乹 乤乩乳乴乲乩乢乵乴乩乯乮
乩乳 乡 乴乯乹 乭乯乤乥乬丬 乴乨乩乳 乡乮乡乬乹乳乩乳 乩乮乤乩乣乡乴乥乳 乴乨乡乴 乴乨乥 乯乢乳乥乲乶乥乤 乩乭乡乧乥 乳乴乲乵乣乴乵乲乥 乣乡乮 乳乴乲乯乮乧乬乹 乣乯乮乳乴乲乡乩乮
乴乨乥 乳买乡乴乩乡乬 乥乬乥乣乴乲乯乮 乤乥乮乳乩乴乹 乤乩乳乴乲乩乢乵乴乩乯乮 乷乨乥乮 Θ 乡乮乤 ν 乡乲乥 乥乳乴乩乭乡乴乥乤 乢乹 乯乴乨乥乲 乯乢乳乥乲乶乡乴乩乯乮乡乬
乩乮书乯乲乭乡乴乩乯乮 乳乵乣乨 乡乳 乴乨乥 乢乬乯乢 买乡乴乴乥乲乮 乳买乥乥乤丬 乴乨乥 乢乲乩乧乨乴乮乥乳乳 乲乡乴乩乯 乢乥乴乷乥乥乮 乴乨乥 乡买买乲乯乡乣乨乩乮乧 乡乮乤
乣乯乵乮乴乥乲 乪乥乴乳丬 乡乮乤 乴乨乥 乷乩乤乴乨 买乲乯东乬乥 乯书 乴乨乥 乪乥乴丮



































































































Figure 4.4: Dependence of the transverse intensity profile at Y = 25 mas on Θ (upper left), ν
(upper right), ∆ (lower left), and z1 (lower right). The solid line in each panel is identical to the case
of Figure 4.2. The dashed, solid, dotted, dashed-dotted, and dashed double-dotted lines represent the
results calculated with changing the parameter values from the case of the solid line as shown in each



























Figure 4.5: Distribution of jω along the line of sight of (X, Y) = (±2 mas, 25 mas) (dotted lines),
(±1 mas, 25 mas) (dashed lines), (±0.5 mas, 25 mas) (solid lines). The red (blue) lines are for negative
(positive) X cases. The horizontal axis represents the height z at the point on the line of sight. All
the values of jω are normalized by the maximum value for (X,Y ) =(−2 mas, 25 mas).
4.4 Discussion
4.4.1 Valleys Between Ridges
乁乳 乳乥乥乮 乩乮 乆乩乧乵乲乥乳 临丮串 乡乮乤 临丮临 乴乨乥 乩乮乮乥乲中乲乩乤乧乥 乡乮乤 乯乵乴乥乲中乲乩乤乧乥乳 买乲乯乤乵乣乥乤 乢乹 乯乵乲 乭乯乤乥乬 乡乲乥 乮乯乴
乳乯 乣乬乥乡乲乬乹 乳乥买乡乲乡乴乥 乡乳 乲乥买乯乲乴乥乤 乩乮 么乡乤乡 丨串丰丱丷丩丮 乔乨乩乳 乩乳 乢乥乣乡乵乳乥 乴乨乥 乪乥乴 乥乤乧乥 乨乡乶乥 乴乨乥 乳乨乥乡乴乨中乬乩乫乥
乴乨乲乥乥 乤乩乭乥乮乳乩乯乮乡乬 乳乴乲乵乣乴乵乲乥 乡乮乤 乴乨乥 乥乭乩乳乳乩乯乮 书乲乯乭 乴乨乥 乳乨乥乡乴乨 乥乮乨乡乮乣乥乳 乴乨乥 乢乲乩乧乨乴乮乥乳乳 乯书 乴乨乥
乶乡乬乬乥乹乳 乢乥乴乷乥乥乮 乴乨乥 乲乩乤乧乥乳丮
乆乯乲 乭乯乲乥 乤乥乴乡乩乬乳丬 乷乥 乳乨乯乷 jω 乤乩乳乴乲乩乢乵乴乩乯乮乳 乡乬乯乮乧 乬乩乮乥乳 乯书 乳乩乧乨乴 买乡乳乳乩乮乧 (X, Y ) 丽 丨±丰丮丵 乭乡乳丬
丶丶 乃么乁乐乔久乒 临丮 乁 乍久乃么乁乎义乓乍 乆乏乒 乔么久 乔乒义乐乌久中乒义乄乇久 久乍义乓乓义乏乎 乓乔乒乕乃乔乕乒久
串丵 乭乡乳丩丬 丨±丱 乭乡乳丬 串丵 乭乡乳丩丬 乡乮乤 丨±串 乭乡乳丬 串丵 乭乡乳丩 乡乳 书乵乮乣乴乩乯乮乳 乯书 z 乩乮 乆乩乧乵乲乥 临丮丵 乴乯 乥乸乡乭乩乮乥
乷乨乩乣乨 买乡乲乴乳 乯书 乴乨乥 乪乥乴 乣乯乮乴乲乩乢乵乴乥 乴乯 乴乨乥 乴乲乡乮乳乶乥乲乳乥 乩乮乴乥乮乳乩乴乹 买乲乯东乬乥 Iω(X, Y = 25 mas) 丨乴乨乥
乢乬乡乣乫 乬乩乮乥乳 乩乮 乆乩乧乵乲乥 临丮临丩丮 乔乨乥 乪乥乴 乥乭乩乳乳乩乯乮 乩乳 乣乯乭买乯乳乥乤 乯书 乴乨乥 乳乨乥乡乴乨中乬乩乫乥 乪乥乴 乥乤乧乥 乣乯乭买乯乮乥乮乴
乡乮乤 乴乨乥 乢乥乡乭乥乤 乩乮乮乥乲中乲乩乤乧乥 乣乯乭买乯乮乥乮乴丮 乆乯乲 乴乨乥 乬乩乮乥 乯书 乳乩乧乨乴 乯书 (X, Y ) = 丨−0.5 乭乡乳丬 串丵 乭乡乳丩丬
乴乨乥 乩乮乮乥乲中乲乩乤乧乥 乣乯乭买乯乮乥乮乴 乡买买乥乡乲乳 乩乮 乡乤乤乩乴乩乯乮 乴乯 乴乨乥 乪乥乴 乥乤乧乥 乣乯乭买乯乮乥乮乴丬 乷乨乩乬乥 书乯乲 乴乨乥 乬乩乮乥 乯书
乳乩乧乨乴 乯书 (X, Y ) = 丨丰丮丵 乭乡乳丬 串丵 乭乡乳丩丬 乴乨乥 乥乭乩乳乳乩乯乮 乡乲乯乵乮乤 乴乨乥 乡乸乩乳 乩乳 乤乥乢乥乡乭乥乤丮 乔乨乩乳 乬乥乡乤乳 乴乯
乴乨乥 乡乳乹乭乭乥乴乲乹 乯书 乴乨乥 乩乮乮乥乲中乲乩乤乧乥 乩乮 乯乵乲 乣乯乭买乵乴乥乤 乩乭乡乧乥丬 乷乨乩乣乨 乷乥 乨乡乶乥 买乯乩乮乴乥乤 乯乵乴 书乯乲 乴乨乥
乬乥书乴 买乡乮乥乬 乯书 乆乩乧乵乲乥 临丮串 乩乮 乓乥乣乴乩乯乮 临丮丳丮
乔乨乥 乬乩乮乥乳 乯书 乳乩乧乨乴 买乡乳乳乩乮乧 (X, Y ) 丽 丨±丱 乭乡乳丬 串丵 乭乡乳丩 乡乮乤 丨±串 乭乡乳丬 串丵 乭乡乳丩丬 书乯乲 乷乨乩乣乨 乴乨乥
乶乡乬乬乥乹乳 乡乮乤 乯乵乴乥乲中乲乩乤乧乥乳 乡乲乥 乳乥乥乮丬 乲乥乳买乥乣乴乩乶乥乬乹 丨乳乥乥 乆乩乧乵乲乥乳 临丮串 乡乮乤 临丮临丩丬 买乥乮乥乴乲乡乴乥 乯乮乬乹 乴乨乥 乪乥乴
乥乤乧乥丮 义乮乴乥乲乥乳乴乩乮乧乬乹丬 jω 乡乴 乴乨乥 乲乥乡乲 买乡乲乴 乯书 乪乥乴 乥乤乧乥 z . 1.25 × 104 rS 乩乳 乣乯乭买乡乲乡乢乬乥 乴乯 乴乨乡乴 乡乴
乴乨乥 书乲乯乮乴 买乡乲乴 乯书 乪乥乴 乥乤乧乥 z & 1.4×104 rS 书乯乲 乥乡乣乨 乯书 乴乨乥乳乥 乳乩乧乨乴 乬乩乮乥乳丮 乔乨乡乴 乩乳 乢乥乣乡乵乳乥 乴乨乥 丝乵乩乤
乭乯乴乩乯乮 乡乴 乴乨乥 乲乥乡乲 买乡乲乴 乤乩乲乥乣乴乳 乡乷乡乹 书乲乯乭 乴乨乥 乬乩乮乥 乯书 乳乩乧乨乴 乡乮乤 乴乨乥乮 乴乨乥 乥乭乩乳乳乩乯乮 乩乳 乤乥乢乥乡乭乥乤丬
乢乵乴 n′ 乡乮乤 B′ 乡乲乥 乬乡乲乧乥乲 乴乨乥乲乥 乴乨乡乮 乴乨乯乳乥 乡乴 乴乨乥 书乲乯乮乴 买乡乲乴 乷乩乴乨 乨乩乧乨乥乲 z丮 乆乩乧乵乲乥 临丮丵 乩乭买乬乩乥乳
乴乨乡乴 乴乨乥 乩乮乴乥乮乳乩乴乩乥乳 Iω =
∫
jωdZ 书乯乲 (X, Y ) 丽 丨±丱 乭乡乳丬 串丵 乭乡乳丩 乡乮乤 丨±串 乭乡乳丬 串丵 乭乡乳丩 乳乨乯乵乬乤
乢乥 乣乯乭买乡乲乡乢乬乥丬 乷乨乩乣乨 乭乥乡乮乳 乴乨乡乴 乴乨乥 乶乡乬乬乥乹乳 乡乲乥 乮乯乴 乤乥乥买丮
乔乨乥 乯乢乳乥乲乶乥乤 乤乥乥买 乶乡乬乬乥乹乳 乭乡乹 乩乮乤乩乣乡乴乥 乭乯乲乥 乣乯乭买乬乥乸 乳乴乲乵乣乴乵乲乥 乯书 乴乨乥 乪乥乴丮 乆乯乲 乥乸乡乭买乬乥丬 乩书
乴乨乥 乮乯乮中乴乨乥乲乭乡乬 乥乬乥乣乴乲乯乮乳 乤乩乳乴乲乩乢乵乴乥乤 乳乥买乡乲乡乴乥乬乹 乡乴 乴乨乥 乳买乩乮乥 乡乮乤 乡 乴乨乩乮 乬乡乹乥乲 乯书 乴乨乥 乪乥乴 乥乤乧乥丬
乴乨乥乮 乴乨乥 乢乲乩乧乨乴乮乥乳乳 书乯乲 (X, Y )丽丨±丱 乭乡乳丬 串丵 乭乡乳丩 乷乯乵乬乤 乢乥乣乯乭乥 乬乯乷乥乲丮 乁 乴乨乩乮 乬乡乹乥乲 乷乩乴乨 乤乥乮乳乥
乮乯乮中乴乨乥乲乭乡乬 乥乬乥乣乴乲乯乮乳 乷乯乵乬乤 买乲乯乤乵乣乥 乢乲乩乧乨乴 乯乵乴乥乲中乲乩乤乧乥乳 乷乩乴乨 乤乥乥买 乶乡乬乬乥乹乳丮1 乗乥 乡乬乳乯 乣乯乮乳乩乤乥乲
乴乨乡乴 乮乯乮中乡乸乩乳乹乭乭乥乴乲乩乣 乪乥乴 乭乡乹 乬乥乡乤 乴乯 乤乥乥买 乶乡乬乬乥乹乳丮 乆乯乲 乥乸乡乭买乬乥丬 乩书 乯乮乬乹 乴乨乥 乲乥乡乲 买乡乲乴 乯书 乴乨乥
乪乥乴 乥乤乧乥 乡乴 −1 mas . X . 1 mas 乩乳 乩乮乴乲乩乮乳乩乣乡乬乬乹 乤乩乭丬 乴乨乥 乩乮乴乥乮乳乩乴乩乥乳 乡乴 乴乨乥 乶乡乬乬乥乹乳 乢乥乣乯乭乥
乡乢乯乵乴 乡 乨乡乬书 乷乩乴乨 乫乥乥买乩乮乧 乴乨乥 乯乵乴乥乲中乲乩乤乧乥乳 乢乲乩乧乨乴丮
1From a simple geometric consideration for the jet with a thin layer of the width ∆R viewed at Θ = 90◦,
one can see that the ratio of the path lengths along the lines of sight across the thin layer for the outer-ridge




4.4.2 Bulk Lorentz Factor at the Far Zone
乗乥 乡乳乳乵乭乥 乴乨乡乴 乴乨乥 书乯乲乣乥中书乲乥乥 乡买买乲乯乸乩乭乡乴乩乯乮 乩乳 乶乡乬乩乤 乥乶乥乮 乡乴 乴乨乥 书乡乲 乺乯乮乥 书乲乯乭 乴乨乥 乂么丮 乔乨乥乮
乴乨乥 乢乵乬乫 乌乯乲乥乮乴乺 书乡乣乴乯乲 Γ 乫乥乥买乳 乩乮乣乲乥乡乳乩乮乧丮 乆乩乧乵乲乥 临丮丶 乲乥买乲乥乳乥乮乴乳 乴乨乥 乌乯乲乥乮乴乺 书乡乣乴乯乲 买乲乯东乬乥乳
乡乬乯乮乧 乴乨乥 乭乡乧乮乥乴乩乣 东乥乬乤 乬乩乮乥乳 乷乨乩乣乨 乳乡乴乩乳书乹 Ψ = Ψ(rH, π/2)丬 Ψ = Ψ(rH, π/2)/2丬 乡乮乤 Ψ =
Ψ(rH, π/2)/10 乩乮 乴乨乥 乭乯乤乥乬 乯书 乆乩乧乵乲乥 临丮串丮 乔乨乥乳乥 乯乢乥乹 乡乮乡乬乹乴乩乣乡乬 乲乥乬乡乴乩乯乮 1/Γ2 = 1/Γ21 + 1/Γ22丬
乷乨乥乲乥 Γ21 = B2/B2p ∝ R2 乡乮乤 Γ22 = B2/(B2φ − E2) ∝ (Rc/R) 乡乴 乴乨乥 书乡乲 乲乥乧乩乯乮 RΩF  c丬
乷乨乥乲乥 Rc 乩乳 乴乨乥 乣乵乲乶乡乴乵乲乥 乲乡乤乩乵乳 乯书 乴乨乥 买乯乬乯乩乤乡乬 东乥乬乤 乬乩乮乥丮 乔乨乩乳 乡乳乹乭买乴乯乴乩乣 乲乥乬乡乴乩乯乮 乩乳 乳乨乯乷乮
乩乮 乔乣乨乥乫乨乯乶乳乫乯乹 乥乴 乡乬丮 丨串丰丰丸丩 书乯乲 乴乨乥 书乯乲乣乥中书乲乥乥 乣乡乳乥2 乡乮乤 乩乮 之乯乭乩乳乳乡乲乯乶 乥乴 乡乬丮 丨串丰丰丹丩 乡乮乤
乌乹乵乢乡乲乳乫乹 丨串丰丰丹丩 书乯乲 乴乨乥 乐乯乹乮乴乩乮乧中乤乯乭乩乮乡乴乥乤 乣乯乬乤 乩乤乥乡乬 乍么乄 乣乡乳乥丮
乔乨乥 乌乯乲乥乮乴乺 书乡乣乴乯乲 乩乮乣乲乥乡乳乥乳 乵买 乴乯 ∼ 80 乩乮 乴乨乥 乣乯乭买乵乴乡乴乥乤 乡乲乥乡 乡乬乯乮乧 乥乡乣乨 东乥乬乤 乬乩乮乥
乳乨乯乷乮 乩乮 乆乩乧乵乲乥 临丮丶丮 乔乨乩乳 乩乳 乭乵乣乨 乨乩乧乨乥乲 乴乨乡乮 乴乨乥 乌乯乲乥乮乴乺 书乡乣乴乯乲乳 乤乥乤乵乣乥乤 书乲乯乭 乢乬乯乢 乭乯乴乩乯乮乳
乯乢乳乥乲乶乥乤 乩乮 乴乨乥 乖乌乂义 乯乢乳乥乲乶乡乴乩乯乮乳 丨乍乥乲乴乥乮乳 乥乴 乡乬丮 串丰丱丶主 么乡乤乡 乥乴 乡乬丮 串丰丱丷为乡乮乤 乲乥书乥乲乥乮乣乥乳 乴乨乥乲乥
乩乮丩丬 Γ . 10丬 乡乬乴乨乯乵乧乨 乩乴 乩乳 买乯乳乳乩乢乬乥 乴乨乡乴 书乡乳乴乥乲 乢乬乯乢乳 乡乲乥 乮乯乴 乩乤乥乮乴乩东乥乤 乤乵乥 乴乯 乴乨乥 乡买买乡乲乥乮乴
乤乥乣乲乥乡乳乥 乯书 乮乵乭乢乥乲 乯书 书乡乳乴 乢乬乯乢乳 丨之乯乭乩乳乳乡乲乯乶 乡乮乤 乆乡乬乬乥 丱丹丹丷丩 乡乮乤 乬乯乷 乴乩乭乥中乲乥乳乯乬乵乴乩乯乮 乯书 乴乨乥
乣乵乲乲乥乮乴 乭乯乮乩乴乯乲乩乮乧 丨乎乡乫乡乭乵乲乡 乥乴 乡乬丮 串丰丱丸丩丮 义书 乴乨乥 乌乯乲乥乮乴乺 书乡乣乴乯乲乳 乯书 乣乵乲乲乥乮乴乬乹 乩乤乥乮乴乩东乥乤 乢乬乯乢
乭乯乴乩乯乮乳 乡乲乥 乳乩乭乩乬乡乲 乴乯 乴乨乯乳乥 乯书 乴乨乥 乳乴乥乡乤乹 丝乯乷乳 乩乮 乪乥乴乳丬 乷乥 乲乥乱乵乩乲乥 乍么乄 乭乯乤乥乬乳 乷乩乴乨 乐乯乹乮乴乩乮乧
乴乯 乫乩乮乥乴乩乣 乥乮乥乲乧乹 丝乵乸 乲乡乴乩乯 丨乩丮乥丮丬 σ 买乡乲乡乭乥乴乥乲丩 乡乴 乴乨乥 乪乥乴 乢乡乳乥 乡乳 乬乯乷 乡乳 ∼ 10丬 乷乨乩乣乨 乧乩乶乥乳 乬乯乷乥乲
乳乡乴乵乲乡乴乩乯乮 乌乯乲乥乮乴乺 书乡乣乴乯乲乳丮
4.4.3 Inner-ridge Property
乔乨乥 乩乮乮乥乲中乲乩乤乧乥 乯书 乯乵乲 乣乯乭买乵乴乥乤 乩乭乡乧乥 乡乲乩乳乥乳 乳乩乮乣乥 vφ  vp 乡乴 RΩF/c  1 乷乨乩乬乥 vφ  vp 乡乴
RΩF/c 1丬 乡乳 乥乸买乬乡乩乮乥乤 乩乮 乓乥乣乴乩乯乮 临丮丳丮丱丮 乗乥 乨乡乶乥 乤乥乭乯乮乳乴乲乡乴乥乤 乴乨乩乳 买乲乯买乥乲乴乹 乢乹 乳乥乴乴乩乮乧 乴乨乥
丝乵乩乤 乶乥乬乯乣乩乴乹 乴乯 乢乥 乴乨乥 乤乲乩书乴 乶乥乬乯乣乩乴乹 丨久乱乵乡乴乩乯乮 临丮丵丩丮 乗乥 乮乯乴乥 乴乨乡乴 乴乨乥 乣乯乬乤 乩乤乥乡乬 乍么乄 乶乥乬乯乣乩乴乹
乡乬乳乯 乨乡乳 乴乨乥 乳乡乭乥 买乲乯买乥乲乴乹 乡乳 乴乨乥 乤乲乩书乴 乶乥乬乯乣乩乴乹丬 乩丮乥丮丬 乩乴 乩乳 乴乯乲乯乩乤乡乬 乤乯乭乩乮乡乮乴 乡乴 RΩF/c  1
2The asymptotic relation (47) of the Lorentz factor in T18 is not complete but valid only for the second
acceleration regime. In the first acceleration regime, Γ is given as Γ ∼
√
1 + ( RΩcg(ν,θ) )
2, which is proportinal to
R when the second term dominates.




























Figure 4.6: Upper panel: Lorentz factor profiles along the outermost field line of Ψ = Ψ(rH, π/2)
(black solid line), Ψ = Ψ(rH, π/2)/2 (red dashed line) and Ψ = Ψ(rH, π/2)/10 (blue dotted line) in
the model of Figure 4.2. Lower panel: The shape of the field lines of the upper panel. The upper
panel is plotted in log scale and the lower panel is in linear scale.
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乤乥买乥乮乤 乯乮 z 乡乳 乳乨乯乷乮 乩乮 乴乨乥 乬乯乷乥乲 乲乩乧乨乴 买乡乮乥乬 乯书 乆乩乧乵乲乥 临丮丳丮 义乮 乣乯乮乴乲乡乳乴丬 乁乳乡乤乡 乥乴 乡乬丮 丨串丰丱丶丩
乩乮乤乩乣乡乴乥乳 乴乨乡乴 乴乨乥 乩乮乮乥乲中乲乩乤乧乥 乷乩乤乴乨 乯书 乴乨乥 乍丸丷 乪乥乴 乶乡乲乩乥乳 乡乳 乡 书乵乮乣乴乩乯乮 乯书 乴乨乥 乤乩乳乴乡乮乣乥 书乲乯乭 乴乨乥
乂么丮 乔乨乥乹 乳乨乯乷乥乤 乴乨乡乴 书乵乲乴乨乥乲 书乲乯乭 乴乨乥 乂么丬 乴乨乥 乩乮乮乥乲中乲乩乤乧乥 乢乥乣乯乭乥乳 乷乩乤乥乲 乡乴 丵 乇么乺丬 乷乨乩乬乥 乩乴
乢乥乣乯乭乥乳 乮乡乲乲乯乷乥乲 乡乴 丱丮丶 乇么乺丮 乔乨乩乳 乭乩乧乨乴 乢乥 乣乡乵乳乥乤 乢乹 乴乨乥 乳乹乮乣乨乲乯乴乲乯乮 乣乯乯乬乩乮乧 乡乳 乭乥乮乴乩乯乮乥乤
乩乮 乁乳乡乤乡 乥乴 乡乬丮 丨串丰丱丶丩 乯乲 乴乨乥 乴乩乭乥 乶乡乲乩乡乴乩乯乮 乯书 乴乨乥 乪乥乴丬 乷乨乩乣乨 乡乲乥 乮乯乴 乩乮乣乬乵乤乥乤 乩乮 乯乵乲 乭乯乤乥乬丮
临丮丵丮 乓乕乍乍乁乒乙 丶丹
4.4.4 Takahashi et al. 2018 Model at the far zone
乔乡乫乡乨乡乳乨乩 乥乴 乡乬丮 丨串丰丱丸丩 乳乨乯乷乥乤 乴乨乥 乬乩乭乢中乢乲乩乧乨乴乥乮乥乤 乩乭乡乧乥乳 乡乴 ∼ 1 − 4 乭乡乳 书乲乯乭 乴乨乥 乣乯乲乥
乷乩乴乨 买乡乲乡乭乥乴乥乲 乶乡乬乵乥乳 MBH = 3.4 × 109M, a = 0.998丬 ΩF 丽 0.5ΩH丬 Θ = 25◦丬 ν = 1丬
z1 = 5rS,∆ = 5rS丬 乡乮乤 乴乨乥 乢乥乡乭 乳乩乺乥 0.43 乭乡乳 ×0.21 乭乡乳 丨乗乡乬乫乥乲 乥乴 乡乬丮 串丰丰丸丩丮 乗乥 乳乨乯乷 乴乨乥
乲乥乳乵乬乴乡乮乴 乳乹乮乣乨乲乯乴乲乯乮 乩乭乡乧乥乳 乷乩乴乨 乴乨乥乳乥 买乡乲乡乭乥乴乥乲 乶乡乬乵乥乳 乵买 乴乯 丳丰 乭乡乳丬 乷乨乩乣乨 乤乯 乮乯乴 乥乸乨乩乢乩乴
乴乨乥 乴乲乩买乬乥中乲乩乤乧乥 乳乴乲乵乣乴乵乲乥丮
乆乩乧乵乲乥 临丮丷 乳乨乯乷乳 乴乨乥 乲乥乳乵乬乴 书乯乲 乴乨乥 乣乡乳乥 乯书 Rp = 0丮 乔乨乥 乪乥乴 乩乭乡乧乥 乤乯乥乳 乮乯乴 乨乡乶乥 乴乨乥 乴乲乩买乬乥中
乲乩乤乧乥 乳乴乲乵乣乴乵乲乥 乥乶乥乮 乡乴 Y > 4 乭乡乳丬 乢乵乴 乡 乮乡乲乲乯乷 乢乲乩乧乨乴 乣乯乭买乯乮乥乮乴 乮乥乡乲 乴乨乥 乡乸乩乳 乩乳 乲乥乭乡乲乫乡乢乬乥丬
乷乨乩乣乨 乣乯乲乲乥乳买乯乮乤乳 乴乯 乴乨乥 乩乮乮乥乲中乲乩乤乧乥 书乲乯乭 乯乵乲 乶乩乥乷买乯乩乮乴丮
乆乩乧乵乲乥 临丮丸 乳乨乯乷乳 乴乨乥 乲乥乳乵乬乴 书乯乲 乴乨乥 乣乡乳乥 乯书 Rp = 40rS丮 乔乨乥 乬乩乭乢中乢乲乩乧乨乴乥乮乥乤 乳乴乲乵乣乴乵乲乥 乩乳
乯乢乴乡乩乮乥乤丬 乡乮乤 乮乯 乣乬乥乡乲 乩乮乮乥乲中乲乩乤乧乥 乷乡乳 书乯乵乮乤 乩乮 乴乨乩乳 乣乡乳乥丮 乔乨乥 乲乩乮乧中乬乩乫乥 乤乩乳乴乲乩乢乵乴乩乯乮 乯书 乥乬乥乣乴乲乯乮乳
乤乯乥乳 乮乯乴 买乲乯乤乵乣乥 乨乩乧乨 乥乭乩乳乳乩乶乩乴乹 乡乲乯乵乮乤 乴乨乥 乡乸乩乳丮
4.5 Summary
乗乥 乨乡乶乥 乥乸乡乭乩乮乥乤 乡 乳乴乥乡乤乹 乡乸乩乳乹乭乭乥乴乲乩乣 书乯乲乣乥中书乲乥乥 乭乯乤乥乬 乯书 乡 乪乥乴 乤乲乩乶乥乮 乢乹 乂么丬 乩乮 乷乨乩乣乨
乴乨乥 乥乬乥乣乴乲乯乭乡乧乮乥乴乩乣 乳乴乲乵乣乴乵乲乥 乩乳 乳乥乴 乴乯 乢乥 乣乯乮乳乩乳乴乥乮乴 乷乩乴乨 乇乒乍么乄 乳乩乭乵乬乡乴乩乯乮 乲乥乳乵乬乴乳丬 乡乮乤
乳乨乯乷乮 乴乨乡乴 乴乨乥 乴乲乩买乬乥中乲乩乤乧乥 乳乴乲乵乣乴乵乲乥 乯书 乡 乲乥乬乡乴乩乶乩乳乴乩乣 乪乥乴 乣乡乮 乢乥 买乲乯乤乵乣乥乤 乢乹 乴乨乥 乭乯乤乥乬 乷乩乴乨
乡 乳乩乭买乬乥 乇乡乵乳乳乩乡乮 乤乩乳乴乲乩乢乵乴乩乯乮 乯书 乥乭乩乴乴乩乮乧 乥乬乥乣乴乲乯乮乳 乡乴 乴乨乥 乪乥乴 乢乡乳乥 丨z = z1丩丮 乗乥 乨乡乶乥 书乯乵乮乤
乴乨乡乴 乴乨乥 丝乵乩乤 乤乲乩书乴 乶乥乬乯乣乩乴乹 乡乳乳乯乣乩乡乴乥乤 乷乩乴乨 乳乵乣乨 东乥乬乤 乳乴乲乵乣乴乵乲乥 买乲乯乤乵乣乥乳 乴乨乥 乩乮乮乥乲中乲乩乤乧乥 乢乹 乴乨乥
乲乥乬乡乴乩乶乩乳乴乩乣 乢乥乡乭乩乮乧 乥丛乥乣乴丬 乡乮乤 乴乨乥 乭乡乧乮乥乴乩乣 东乥乬乤 乳乴乲乥乮乧乴乨 乡乮乤 乥乬乥乣乴乲乯乮 乮乵乭乢乥乲 乤乥乮乳乩乴乹 乡乲乥
乨乩乧乨乥乲 乮乥乡乲乥乲 乴乨乥 乪乥乴 乥乤乧乥丬 乷乨乩乣乨 买乲乯乤乵乣乥乳 乴乨乥 乯乵乴乥乲中乲乩乤乧乥乳丮 乔乨乵乳 乷乥 乡乲乧乵乥 乴乨乡乴 乴乨乥 乯乢乳乥乲乶乥乤
乴乲乩买乬乥中乲乩乤乧乥 乩乭乡乧乥 乤乯乥乳 乮乯乴 乤乩乲乥乣乴乬乹 乩乮乤乩乣乡乴乥 乴乨乥 乲乥乱乵乩乲乥乭乥乮乴 乯书 乴乨乥 乴乷乯 乪乥乴 乬乡乵乮乣乨乩乮乧 买乲乯乣乥乳乳乥乳
乷乯乲乫乩乮乧 乳乩乭乵乬乴乡乮乥乯乵乳乬乹 乳乵乣乨 乡乳 乴乨乥 乂乚 买乲乯乣乥乳乳 书乯乲 乴乨乥 乲乯乴乡乴乩乮乧 乂么 买乬乵乳 乴乨乥 乂乐 买乲乯乣乥乳乳 书乯乲
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Figure 4.7: The synchrotron images with the same parameters as the case of Rp = 0 in Takahashi
et al. (2018). Left: Image with the computational resolution of 5rS. Right: Image convolved with
the beam size (0.43 mas × 0.21 mas). The contours represent the normalized intensity at 2−k (k =
1, 2, 3, ..., 30 for the left panel and k = 1, 2, 3, ..., 26 for the right panel).
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Figure 4.8: The synchrotron images with the same parameters as the case of Rp = 40rS in T18.
Left: Image with the computational resolution of 5rS. Right: Image convolved with the beam size
(0.43 mas × 0.21 mas). The contours represent the normalized intensity at 2−k (k = 1, 2, 3, ..., 23 for
the left panel and k = 1, 2, 3, ..., 21 for the right panel).
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Chapter 5
Matter Density Distribution of a Jet
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乳乴乥乡乤乹丬 乡乸乩乳乹乭乭乥乴乲乩乣丬 乣乯乬乤丬 乩乤乥乡乬 乇乒乍么乄 丝乯乷乳 乡乮乤 乯乵乲 乭乥乴乨乯乤 乴乯 乯乢乴乡乩乮 乡买买乲乯乸乩乭乡乴乥 乳乯乬乵中
乴乩乯乮乳丮 乗乥 买乲乥乳乥乮乴 乣乡乬乣乵乬乡乴乩乯乮 乲乥乳乵乬乴乳 乩乮 乓乥乣乴乩乯乮 丵丮丳丮 义乮 乓乥乣乴乩乯乮 丵丮丳丮丱丬 乷乥 东乲乳乴 乣乯乮东乲乭 乴乨乡乴 乯乵乲
乭乥乴乨乯乤 乣乡乮 乡买买乲乯乸乩乭乡乴乥乬乹 乲乥买乲乯乤乵乣乥 乴乨乥 乳买乬乩乴中乭乯乮乯买乯乬乥 书乯乲乣乥中书乲乥乥 乳乯乬乵乴乩乯乮 乯书 乳乬乯乷乬乹 乲乯乴乡乴乩乮乧
之乥乲乲 乂么 乭乡乧乮乥乴乯乳买乨乥乲乥丬 乡乮乤 乴乨乥乮 乩乮 乓乥乣乴乩乯乮 丵丮丳丮串丬 乷乥 买乥乲书乯乲乭 乣乡乬乣乵乬乡乴乩乯乮乳 书乯乲 乴乨乥 买乡乲乡乢乯乬乩乣
东乥乬乤 乭乯乤乥乬丮 乗乥 乤乩乳乣乵乳乳 乴乨乥 乲乡乤乩乡乬 买乲乯东乬乥乳 乯书 乴乨乥 乤乥乮乳乩乴乹 乡乴 乴乨乥 乳乥买乡乲乡乴乩乯乮 乳乵乲书乡乣乥 乡乮乤 乣乯乭买乡乲乥
乯乵乲 乲乥乳乵乬乴乳 乷乩乴乨 乡 乭乡乳乳 乬乯乡乤乩乮乧 乭乥乣乨乡乮乩乳乭 乡乮乤 乯乴乨乥乲 乳乴乵乤乩乥乳 乩乮 乓乥乣乴乩乯乮 丵丮临丮 乓乵乭乭乡乲乹 乡乮乤
买乲乯乳买乥乣乴乳 乡乲乥 买乲乥乳乥乮乴乥乤 乩乮 乓乥乣乴乩乯乮 丵丮丵丮
5.2 Model
乔乯 乥乸乡乭乩乮乥 乴乨乥 乤乥乮乳乩乴乹 乤乩乳乴乲乩乢乵乴乩乯乮 乩乮乳乩乤乥 乴乨乥 乪乥乴丬 乷乥 乳乴乵乤乹 乴乨乥 乧乥乮乥乲乡乬 乲乥乬乡乴乩乶乩乳乴乩乣 乥乱乵乡乴乩乯乮乳
书乯乲 乳乴乥乡乤乹丬 乡乸乩乳乹乭乭乥乴乲乩乣丬 乣乯乬乤 乩乤乥乡乬 乍么乄 丝乯乷乳丮 乗乥 乡乮乡乬乹乴乩乣乡乬乬乹 乳乯乬乶乥 乴乨乥 乤乹乮乡乭乩乣乳 买乡乲乡乬乬乥乬
丵丮串丮 乍乏乄久乌 丷丵
乴乯 乴乨乥 买乲乥乳乣乲乩乢乥乤 买乯乬乯乩乤乡乬 东乥乬乤 乬乩乮乥乳丬 乡乮乤 乮乵乭乥乲乩乣乡乬乬乹 乫乥乥买 乴乨乥 乴乲乡乮乳乶乥乲乳乥 书乯乲乣乥 乢乡乬乡乮乣乥 乡乴 乴乨乥
乳乥买乡乲乡乴乩乯乮 乳乵乲书乡乣乥丮 乔乨乥 乳乣乨乥乭乡乴乩乣 买乩乣乴乵乲乥 乯书 乯乵乲 乭乯乤乥乬 乩乳 乳乨乯乷乮 乩乮 乆乩乧乵乲乥 丵丮丱丮 乔乨乥 乳买乡乣乥乴乩乭乥
乧乥乯乭乥乴乲乹 乩乳 乧乩乶乥乮 乢乹 乴乨乥 之乥乲乲 乭乥乴乲乩乣 乩乮 乴乨乥 乂乯乹乥乲中乌乩乮乤乱乵乩乳乴 乣乯乯乲乤乩乮乡乴乥乳丮
5.2.1 Bernoulli Equation
乔乨乥 乢乡乳乩乣 乥乱乵乡乴乩乯乮乳 乡乲乥 乴乨乥 乥乮乥乲乧乹中乭乯乭乥乮乴乵乭 乥乱乵乡乴乩乯乮丬 乴乨乥 乍乡乸乷乥乬乬 乥乱乵乡乴乩乯乮乳丬 乡乮乤 乴乨乥 乭乡乳乳
丝乵乸 乣乯乮乳乥乲乶乡乴乩乯乮 乬乡乷 乷乩乴乨 乴乨乥 乳乴乥乡乤乹丬 乡乸乩乳乹乭乭乥乴乲乩乣丬 乩乤乥乡乬 乍么乄 乣乯乮乤乩乴乩乯乮乳丮 乔乨乥乹 乬乥乡乤 乴乯
乴乨乥 书乯乵乲 乩乮乴乥乧乲乡乬 乣乯乮乳乴乡乮乴乳 乡乬乯乮乧 乡 东乥乬乤 乬乩乮乥 丨乩丮乥丮丬 乴乨乥 乂乥乲乮乯乵乬乬乩 乣乯乮乳乴乡乮乴乳丩丬 乷乨乩乣乨 乡乲乥 乴乨乥
乴乯乴乡乬 乥乮乥乲乧乹 丝乵乸 买乥乲 买乡乲乴乩乣乬乥 E丬 乴乨乥 乴乯乴乡乬 乡乮乧乵乬乡乲 乭乯乭乥乮乴乵乭 丝乵乸 买乥乲 买乡乲乴乩乣乬乥 L丬 乴乨乥 乮乵乭乢乥乲
乤乥乮乳乩乴乹 丝乵乸 买乥乲 乭乡乧乮乥乴乩乣 丝乵乸 η丬 乡乮乤 乴乨乥 乳乯中乣乡乬乬乥乤 乴乨乥 习乡乮乧乵乬乡乲 乶乥乬乯乣乩乴乹 乯书 乴乨乥 乭乡乧乮乥乴乩乣 东乥乬乤丧
ΩF 丨乂乥乫乥乮乳乴乥乩乮 乡乮乤 乏乲乯乮 丱丹丷丸丩丮 乔乨乥乹 乡乲乥 乧乩乶乥乮 乡乳 书乯乬乬乯乷乳为





















么乥乲乥 乷乥 乨乡乶乥 乩乮乴乲乯乤乵乣乥乤 乴乨乥 乭乡乧乮乥乴乩乣 丝乵乸 书乵乮乣乴乩乯乮 Ψ(r, θ) 乡乮乤 乴乨乥 乥乬乥乣乴乲乯乭乡乧乮乥乴乩乣 乴乥乮乳乯乲
Fµν 丮 乆乯乲 乴乨乥 乡乸乩乳乹乭乭乥乴乲乩乣 东乥乬乤丬 FA3 = ∂AΨ(A = 1, 2)丮 乔乨乥乮 乴乨乥 乭乡乧乮乥乴乩乣 东乥乬乤 乩乳 乧乩乶乥乮 乢乹
Bµ = 1/2ενµλσξ
νF λσ丬 乷乨乥乲乥 ξµ = (1, 0, 0, 0) 乩乳 乴乨乥 乴乩乭乥中乬乩乫乥 之乩乬乬乩乮乧 乶乥乣乴乯乲丬 εµνλσ =
√−g[µνλσ]丬
[µνλσ] 乩乳 乴乨乥 买乥乲乭乵乴乡乴乩乯乮 乳乹乭乢乯乬丬 乡乮乤 g ≡ det(gµν)丮 FA0 = EA 乩乳 乴乨乥 乥乬乥乣乴乲乩乣 东乥乬乤丮 n 乩乳 乴乨乥
丝乵乩乤中书乲乡乭乥 乮乵乭乢乥乲 乤乥乮乳乩乴乹 乯书 乴乨乥 乭乡乴乴乥乲丬 uµ 乩乳 乴乨乥 书乯乵乲 乶乥乬乯乣乩乴乹丬 乡乮乤 µ 乩乳 乴乨乥 乳买乥乣乩东乣 乥乮乴乨乡乬买乹丮
义乮 乴乨乥 乣乯乬乤 乬乩乭乩乴丬 µ 乩乳 乴乨乥 乲乥乳乴 乥乮乥乲乧乹 乯书 乴乨乥 买乬乡乳乭乡 买乡乲乴乩乣乬乥丮 Ê = E/µ丬 L̂ = L/µ丬 乡乮乤
Gt = g00 + ΩFg03丮
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Figure 5.1: The schematic picture of our model for the parabolic field line configuration case used
in Chapter 5. The inflow and outflow are divide by the separation surface. The integral constants of
the flow is defined by Equation (5.1) - (5.4). They are determined by the four conditions introduced
in Section 5.2.3.
丵丮串丮 乍乏乄久乌 丷丷































么乥乲乥丬 k0 = −(g00+2ΩFg03+ΩFg33)丬 k2 = (1−L̂ΩF/Ê)2丬 k4 = [g33+2g03L̂/Ê+g00(L̂/Ê)2]/(g203−
g00g33)丬 乡乮乤 Bp =
√
B1B1 +B2B2 乩乳 乴乨乥 买乯乬乯乩乤乡乬 乭乡乧乮乥乴乩乣 东乥乬乤丮 久乱乵乡乴乩乯乮 丨丵丮丵丩 乩乳 乩乤乥乮乴乩乣乡乬
乷乩乴乨 久乱乵乡乴乩乯乮 丨丳临丩 乩乮 乐乵 乥乴 乡乬丮 丨串丰丱丵丩 乡乮乤 久乱乵乡乴乩乯乮 丨串丳丩 乩乮 么乵乡乮乧 乥乴 乡乬丮 丨串丰丱丹丩丮
乇乩乶乥乮 乴乨乥 乩乮乴乥乧乲乡乬 乣乯乮乳乴乡乮乴乳 {Ê(Ψ), L̂(Ψ), η(Ψ),ΩF(Ψ)} 乡乮乤 乴乨乥 东乥乬乤 乬乩乮乥 乣乯乮东乧乵乲乡乴乩乯乮
Ψ(r, θ)丬 乯乮乥 乣乡乮 乳乯乬乶乥 乴乨乥 乂乥乲乮乯乵乬乬乩 乥乱乵乡乴乩乯乮丮 乔乨乥乮 乯乮乥 乣乡乮 乤乥乲乩乶乥 乴乨乥 乮乵乭乢乥乲 乤乥乮乳乩乴乹 乤乩乳乴乲乩中






乷乩乴乨 乴乨乥 乁乬书乶乥乮 乍乡乣乨 乮乵乭乢乥乲 M2 = πµη2/n丮
5.2.2 Flux Function Model
乗乥 乡乳乳乵乭乥 乴乨乡乴 Ψ(r, θ) 乨乡乳 乡 书乯乲乭 乯书










丷丸 乃么乁乐乔久乒 丵丮 乍乁乔乔久乒 乄久乎乓义乔乙 乄义乓乔乒义乂乕乔义乏乎 乏乆 乁 乊久乔
乭乯乤乥乬 ν ε a ΩF(Ψ = 1) up,ss Ê0
乍丰 0 0 0.1 0.4999ΩH 10−3 103
乐丱 1 10−4 0.9 0.35ΩH 10−3 −
乐串 1 10−4 0.8 0.35ΩH 10−3 −
乐丳 1 10−4 0.95 0.35ΩH 10−3 −
乐临 1 10−4 0.9 0.35ΩH 6× 10−4 −
乐丵 1 10−4 0.9 0.35ΩH 1.4× 10−3 −
Table 5.1: Parameter values used in our models.
乷乨乥乲乥 C 乩乳 乴乨乥 乮乯乲乭乡乬乩乺乡乴乩乯乮 书乡乣乴乯乲 乳乥乴乴乩乮乧 Ψ(rH, π/2) = 1丮 ν 乡乮乤 ε 乡乲乥 乴乨乥 乭乯乤乥乬 买乡乲乡乭乥乴乥乲乳
乣乯乮乴乲乯乬乬乩乮乧 乴乨乥 买乯乬乯乩乤乡乬 东乥乬乤 乬乩乮乥 乳乨乡买乥丮 乆乯乲 ε = 0丬 乴乨乥 东乥乬乤 乬乩乮乥 乣乯乮东乧乵乲乡乴乩乯乮乳 乯书 ν = 0 乡乮乤
ν = 1 乨乡乶乥 乴乨乥 乭乯乮乯买乯乬乥 乡乮乤 买乡乲乡乢乯乬乩乣 乳乨乡买乥 乩乮 乴乨乥 书乡乲 乺乯乮乥丬 乲乥乳买乥乣乴乩乶乥乬乹丮 Ψ(r, θ) 乷乩乴乨 ν = 0
乡乮乤 ε = 0 乩乳 乴乨乥 乥乸乡乣乴 乳乯乬乵乴乩乯乮 乯书 乴乨乥 书乯乲乣乥中书乲乥乥 乭乡乧乮乥乴乯乳买乨乥乲乥 乩乮 乡 乓乣乨乷乡乲乴乺乳乣乨乩乬乤 乳买乡乣乥乴乩乭乥
丨乂乬乡乮乤书乯乲乤 乡乮乤 乚乮乡乪乥乫 丱丹丷丷丩丬 乡乮乤 Ψ(r, θ) 乷乩乴乨 ν = 1 乡乮乤 ε = 0 乩乳 乴乨乥 乤乯乭乩乮乡乮乴 乴乥乲乭 乯书
乴乨乥 乥乸乡乣乴 乳乯乬乵乴乩乯乮 乯书 乴乨乥 书乯乲乣乥中书乲乥乥 乭乡乧乮乥乴乯乳买乨乥乲乥 乩乮 乡 乓乣乨乷乡乲乺乳乣乨乩乬乤 乳买乡乣乥乴乩乭乥 丨乂乬乡乮乤书乯乲乤
乡乮乤 乚乮乡乪乥乫 丱丹丷丷主 乌乥乥 乡乮乤 乐乡乲乫 串丰丰临丩丮 乔乨乥 乪乥乴中乤乩乳乫 乢乯乵乮乤乡乲乹 乩乮 乇乒乍么乄 乳乩乭乵乬乡乴乩乯乮乳 乤乥东乮乥乤
乡乳 乴乨乥 乭乡乧乮乥乴乩乣中乴乯中乭乡乴乴乥乲 乥乮乥乲乧乹 丝乵乸 乲乡乴乩乯 σ = 1 乭乡乴乣乨乥乳 乴乨乥 买乡乲乡乢乯乬乩乣 乣乯乮东乧乵乲乡乴乩乯乮乳 乷乩乴乨
乡 乣乯乮乳乴乡乮乴 ν 乩乮 乡 乬乡乲乧乥 乣乯乭买乵乴乡乴乩乯乮乡乬 乤乯乭乡乩乮 丨乎乡乫乡乭乵乲乡 乥乴 乡乬丮 串丰丱丸主 乐乯乲乴乨 乥乴 乡乬丮 串丰丱丹丩丮 ε
乲乥买乲乥乳乥乮乴乳 乡 乳乭乡乬乬 乤乩乳乴乵乲乢乡乮乣乥 书乲乯乭 乴乨乥 书乯乲乣乥中书乲乥乥 东乥乬乤 乬乩乮乥乳丬 乷乨乩乣乨 乭乡乫乥乳 乴乨乥 乯乵乴丝乯乷 乡乣乣乥乬乥乲乡乴乥
乢乹 乣乯乮乶乥乲乴乩乮乧 乴乨乥 乐乯乹乮乴乩乮乧 丝乵乸 乴乯 乴乨乥 乫乩乮乥乴乩乣 乥乮乥乲乧乹 丝乵乸 丨乣书丮 乂乥乳乫乩乮 乡乮乤 乎乯乫乨乲乩乮乡 串丰丰丶主 乐乵
乥乴 乡乬丮 串丰丱丵丩丮
义乮 乴乨乩乳 买乡买乥乲丬 乷乥 乣乯乮乳乩乤乥乲 乴乷乯 乭乯乤乥乬乳丬 乡 乳买乬乩乴中乭乯乮乯买乯乬乥 乣乯乮东乧乵乲乡乴乩乯乮 乭乯乤乥乬 丨ν = 0, ε = 0丩丬
乡乮乤 乡 买乥乲乴乵乲乢乥乤 买乡乲乡乢乯乬乩乣 乣乯乮东乧乵乲乡乴乩乯乮 乭乯乤乥乬 丨ν = 1, ε = 10−4丩丮 乔乨乥 乡乩乭 乯书 买乥乲书乯乲乭乩乮乧
乴乨乥 乳买乬乩乴中乭乯乮乯买乯乬乥 乭乯乤乥乬 乩乳 乴乯 乣乨乥乣乫 乩书 乯乵乲 乭乥乴乨乯乤 乣乡乮 乡买买乲乯乸乩乭乡乴乥乬乹 乲乥买乲乯乤乵乣乥 乴乨乥 乳买乬乩乴中
乭乯乮乯买乯乬乥 书乯乲乣乥中书乲乥乥 乳乯乬乵乴乩乯乮 乯书 乳乬乯乷乬乹 乲乯乴乡乴乩乮乧 之乥乲乲 乂么 乭乡乧乮乥乴乯乳买乨乥乲乥丬 乩乮 乷乨乩乣乨 ΩF ≈ 0.5ΩH
乡乮乤 Ê(Ψ) ∝ sin2 θ 丨乂乬乡乮乤书乯乲乤 乡乮乤 乚乮乡乪乥乫 丱丹丷丷丩丮 乗乥 乳乥乴 a = 0.1 乢乥乣乡乵乳乥 乳乵乣乨 乳乭乡乬乬 乂么 乳买乩乮






























Figure 5.2: ΩF(Ψ) and LinΩF/Ein(Ψ) of the M0 model. Our result satisfies the conditions of

























Figure 5.3: up, B3 along the field lines Ψ = 0.1, 0.5, and 0.9 of the split-monopole configuration
model. The constant B3 along the field line represents that the energy conversion from the Poynting
flux to the kinetic energy flux is inefficient in this model.
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5.2.3 Determining the Bernoulli Parameters
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up(rss, θ) = up,ss = const. 丨丵丮丹丩
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乴乩乯乮 乷乩乴乨 久乱乵乡乴乩乯乮 丨丵丮丵丩 乡乴 乴乨乥 乳乥买乡乲乡乴乩乯乮 乳乵乲书乡乣乥 乡乮乤 久乱乵乡乴乩乯乮 丨丵丮丷丩 乡乴 乴乨乥 乨乯乲乩乺乯乮丬 乯乮乥 乣乡乮
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e(n)A[ρu
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Figure 5.4: Two dimensional distribution of up and n/nnorm of the P1 model.
5.3 Results
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5.3.1 Split-monopole Configuration Model
乆乩乧乵乲乥 丵丮串 乳乨乯乷乳 ΩF(Ψ) 乡乮乤 L̂outΩF/Êout(Ψ) 乡乴 乴乨乥 乳乥买乡乲乡乴乩乯乮 乳乵乲书乡乣乥丮 ΩF/ΩH = 0.5 乡乮乤 乴乨乥
书乯乲乣乥中书乲乥乥 乣乯乮乤乩乴乩乯乮 L̂outΩF/Êout = 1 乡乲乥 乳乡乴乩乳东乥乤 乷乩乴乨乩乮 丱严 乡乣乣乵乲乡乣乹 乩乮 Ψ > 0.1丬 乷乨乩乣乨 乭乥乡乮
乴乨乡乴 乯乵乲 乡买买乲乯乸乩乭乡乴乥 乳乯乬乵乴乩乯乮乳 乡乲乥 乣乯乮乳乩乳乴乥乮乴 乷乩乴乨 乴乨乥 书乯乲乣乥中书乲乥乥 乭乯乮乯买乯乬乥 乳乯乬乵乴乩乯乮 丨乂乬乡乮乤书乯乲乤






































































Figure 5.5: Êin, ΩF, ηinEin, and n/nnorm at the separation surface. The black, blue, and red lines
are the results of P1, P2, and P3 models, respectively. The number density at the separation surface
is concentrated more near the jet edge when the BH spin a is larger.
丸临 乃么乁乐乔久乒 丵丮 乍乁乔乔久乒 乄久乎乓义乔乙 乄义乓乔乒义乂乕乔义乏乎 乏乆 乁 乊久乔
乴乨乥 乂么 乳买乩乮 乩乳 乳乭乡乬乬乥乲丬 Ê0 乩乳 乬乡乲乧乥乲丬 up,ss 乩乳 乳乭乡乬乬乥乲丬 乯乲 ΩF(Ψ = 1) 乩乳 乣乬乯乳乥乲 乴乯 0.5ΩH丮
乆乩乧乵乲乥 丵丮丳 乳乨乯乷乳 up 乡乮乤 B3 乡乬乯乮乧 乴乨乥 东乥乬乤 乬乩乮乥乳 乯书 Ψ = 0.1, 0.5, 0.9丮 乔乨乥 乯乵乴丝乯乷 乤乯乥乳 乮乯乴
买乡乳乳 乴乨乲乯乵乧乨 乴乨乥 书乡乳乴 乭乡乧乮乥乴乯乳乯乮乩乣 买乯乩乮乴 乵乮乬乩乫乥 乩乮 乴乨乥 买乡乲乡乢乯乬乩乣 东乥乬乤 乣乯乮东乧乵乲乡乴乩乯乮 乣乡乳乥丬 乡乳
乤乩乳乣乵乳乳乥乤 乩乮 乃乡乭乥乮乺乩乮乤 丨丱丹丸丶乢丩丮 B3 乯书 乥乡乣乨 丝乯乷 乩乳 乡乬乭乯乳乴 乣乯乮乳乴乡乮乴 乡乬乯乮乧 乴乨乥 东乥乬乤 乬乩乮乥 乵乮乬乥乳乳
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乩乳 乩乮乥丞乣乩乥乮乴 乩乮 乴乨乥 乭乯乮乯买乯乬乥 东乥乬乤 乣乯乮东乧乵乲乡乴乩乯乮丬 乡乮乤 乴乨乡乴 乴乨乥 乥乬乥乣乴乲乯乭乡乧乮乥乴乩乣 东乥乬乤 乩乳 乡乬乭乯乳乴
书乯乲乣乥中书乲乥乥 乩乮 乴乨乥 乷乨乯乬乥 乲乥乧乩乯乮丮
5.3.2 Parabolic Configuration Model
P1 Model
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乤乥乮乳乩乴乹 乤乯乥乳 乮乯乴 乤乩乶乥乲乧乥 乡乴 乴乨乥 乳乥买乡乲乡乴乩乯乮 乳乵乲书乡乣乥 乳乩乮乣乥 up,ss 乩乳 乮乯乴 乺乥乲乯丮
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乨乡乳 乡 买乥乡乫 乡乴 Ψ ∼ 0.3丮 乔乨乥 乐乯乹乮乴乩乮乧 丝乵乸 乢乥乣乯乭乥乳 乺乥乲乯 乡乴 乴乨乥 乡乸乩乳丬 乷乨乩乣乨 乭乥乡乮乳 Ê(Ψ = 0) =
−u0 ≈ 1丮 ΩF 乩乮乣乲乥乡乳乥乳 乴乯乷乡乲乤 ΩF = 0.5ΩH 书乲乯乭 乴乨乥 乥乤乧乥 乴乯 乴乨乥 乡乸乩乳 乢乵乴 乩乴 乤乥乣乲乥乡乳乥乳 乮乥乡乲
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乤乥买乥乮乤乥乮乣乥 乩乳 乴乨乡乴 乯书 B3 乯乮 θH 乡乴 乴乨乥 乨乯乲乩乺乯乮 书乯乲 a 1 丨久乱乵乡乴乩乯乮 丵丮丱丰丩丮 乔乨乥 乮乵乭乢乥乲 乤乥乮乳乩乴乹
乡乴 乴乨乥 乳乥买乡乲乡乴乩乯乮 乳乵乲书乡乣乥 乨乡乳 乴乨乥 买乥乡乫 乡乴 乴乨乥 乪乥乴 乥乤乧乥丬 乡乮乤 乤乥乣乲乥乡乳乥 乴乯 乮乥乡乲乬乹 乺乥乲乯 乴乯乷乡乲乤 乴乨乥
乪乥乴 乡乸乩乳丮
乆乩乧乵乲乥 丵丮丶 乳乨乯乷乳 M2丬 M2Alf 丬 乡乮乤 M2fast 乡乬乯乮乧 乴乨乥 东乥乬乤 乬乩乮乥乳 乯书 Ψ = 0.1, 0.5, 乡乮乤 0.9丬 乷乨乥乲乥





































































Figure 5.6: M2, M2Alf , and M
2
fast along the field lines of Ψ = 0.1, 0.5, and 0.9 in the P1 model.
The intersections of M2 and M2Alf are the Alfven points and the ones of M
2 and M2fast are the fast
magnetosonic points.
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乗乥 乥乶乡乬乵乡乴乥 乴乨乥 乴乲乡乮乳中东乥乬乤 书乯乲乣乥中乢乡乬乡乮乣乥 乢乹 乩乮乴乲乯乤乵乣乩乮乧 χ ≡ |(f+ − |f−|)/(f+ + |f−|)|丬
乷乨乥乲乥 乷乥 乧乡乴乨乥乲 乴乨乥 买乯乳乩乴乩乶乥 乣乯乭买乯乮乥乮乴乳 乯书 久乱乵乡乴乩乯乮 丨丵丮丱丱丩 乴乯 f+ 乡乮乤 乴乨乥 乮乥乧乡乴乩乶乥 乯乮乥乳 乴乯
f−丮 χ 乲乡乮乧乥乳 书乲乯乭 丰 乴乯 丱丬 乡乮乤 χ = 0 乭乥乡乮乳 乴乨乥 乣乯乭买乬乥乴乥 书乯乲乣乥 乢乡乬乡乮乣乥丮 乔乨乥 乲乥乳乵乬乴乳 乳乨乯乷
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乴乨乥 乳乥买乡乲乡乴乩乯乮 乳乵乲书乡乣乥丬 χ 乩乮乣乲乥乡乳乥乳 乲乡买乩乤乬乹 乴乯 ∼ 10−1 乡乮乤 乴乨乥乮 乴乵乲乮乳 乴乯 乤乥乣乲乥乡乳乥丬 乷乨乩乬乥 书乯乲 乴乨乥
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Parameter Dependences
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乗乥 乵乳乥 a = 0.8 乡乮乤 0.95 书乯乲 乴乨乥 乐串 乡乮乤 乐丳 乭乯乤乥乬乳丬 乲乥乳买乥乣乴乩乶乥乬乹丬 乴乯 乩乮乶乥乳乴乩乧乡乴乥 乴乨乥 乂么 乳买乩乮
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Figure 5.7: up along the field lines Ψ = 0.1, 0.5, and 0.9 in the P1 model.
乯买买乯乳乩乴乥 乷乡乹丮 ηE 乯书 乴乨乥 乐串丬 乐丳 乭乯乤乥乬乳 乡乬乳乯 乲乯乵乧乨乬乹 书乯乬乬乯乷 ∝ sin2 θH丮 ηE 乢乥乣乯乭乥乳 乬乡乲乧乥乲 乩乮
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乔乨乥 乭乩乮乩乭乵乭 乶乡乬乵乥 1− LΩF/E ≈ 0.01 乲乥乡乬乩乺乥乳 乷乨乥乲乥 Ê 乩乳 乭乡乸乩乭乵乭丮
乗乥 买乥乲书乯乲乭 乣乡乬乣乵乬乡乴乩乯乮乳 乷乩乴乨 乤乩丛乥乲乥乮乴 up,ss丮 乗乥 乵乳乥 up,ss = 6 × 10−4 乡乮乤 1.4 × 10−3
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Figure 5.8: Êin, ΩF, ηinEin, and n/nnorm at the separation surface. The black, blue, and red lines
are the results of P1, P4, and P5 models, respectively. The number density at the separation surface
is concentrated more near the jet edge when up,ss is smaller.
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买乲乯买乯乲乴乩乯乮乡乬 乴乯 u−1p,ss丮 乔乨乥 乐丱丬 乐临丬 乡乮乤 乐丵 乭乯乤乥乬乳 乳乨乯乷 乴乨乡乴 ηE 乤乯乥乳 乮乯乴 乳乩乧乮乩东乣乡乮乴乬乹 乤乥买乥乮乤
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Figure 5.9: n/nnorm as a function of rss. The black, blue, and red lines are the results of the P1,
P2, and P3 models, respectively. When the BH spin is larger, rss decreases. At the far zone, n/nnorm
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Figure 5.10: n/nnorm as a function of rss. The black, blue, and red lines are the results of the P1,
P4, and P5 models, respectively. When the BH spin is larger, rss decreases. At the far zone, n/nnorm
roughly follows ∝ r−2ss .
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5.4 Discussion
5.4.1 Density on the Separation Surface
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乥乭乩乴乴乩乮乧 乲乥乧乩乯乮 乩乳 乣乯乭买乡乣乴 乮乥乡乲 乴乨乥 乂么 丨乍乯亱乣乩乢乲乯乤乺乫乡 乥乴 乡乬丮 串丰丱丱丩丬 乷乨乩乣乨 乤乯乥乳 乮乯乴 乭乡乴乣乨
乴乨乥 乲乥乳乵乬乴乳 乩乮 乯乵乲 乭乯乤乥乬丮 义书 γ中乲乡乹 乥乭乩乴乴乩乮乧 乲乥乧乩乯乮 乩乳 乥乸乴乥乮乤乥乤丬 乳乡乹 乡乲乯乵乮乤 r ∼ 10丬 乩乮 乴乨乥
乡乣乣乲乥乴乩乯乮 丝乯乷 丨之乩乭乵乲乡 乡乮乤 乔乯乭乡 串丰串丰丩丬 乴乨乥 r 乤乥买乥乮乤乥乮乣乥 乯书 乴乨乥 e+e− 乤乥乮乳乩乴乹 乣乡乮 乢乥 乭乵乣乨
乳乨乡乬乬乯乷乥乲 乡乮乤 乭乩乧乨乴 乢乥 乣乯乮乳乩乳乴乥乮乴 乷乩乴乨 乯乵乲 乲乥乳乵乬乴乳丮 么乯乷乥乶乥乲丬 乩乴 乳乨乯乵乬乤 乢乥 乮乯乴乥乤 乴乨乡乴 乴乨乩乳
e+e− 乩乮乪乥乣乴乩乯乮 乭乯乤乥乬 乣乡乮 买乲乯乶乩乤乥 买乡乲乴乩乣乬乥 乮乵乭乢乥乲 乤乥乮乳乩乴乹 乳乵丞乣乩乥乮乴 书乯乲 乳乣乲乥乥乮乩乮乧 乴乨乥 乳买乡乲乫
乧乡买 丨乩丮乥丮丬 乬乡乲乧乥乲 乴乨乡乮 乴乨乥 乇乯乬乤乲乥乩乣乨中乊乵乬乩乡乮 乮乵乭乢乥乲 乤乥乮乳乩乴乹丩丬 乢乵乴 乮乯乴 乳乵丞乣乩乥乮乴 书乯乲 乴乨乥 乲乡乤乩乯
乳乹乮乣乨乲乯乴乲乯乮 丝乵乸 乯书 乍丸丷 乪乥乴 丨之乩乭乵乲乡 乡乮乤 乔乯乭乡 串丰串丰丩丮 乏乴乨乥乲 乩乮乪乥乣乴乩乯乮 乭乥乣乨乡乮乩乳乭乳 乳乵乣乨 乡乳
乭乡乧乮乥乴乩乣 乲乥乣乯乮乮乥乣乴乩乯乮 丨乥丮乧丮 乐乡乲书乲乥乹 乥乴 乡乬丮 串丰丱丵主 乍乡乨乬乭乡乮乮 乥乴 乡乬丮 串丰串丰丩 乡乮乤丯乯乲 丝乵乩乤 乩乮乳乴乡乢乩乬乩乴乹
丨乥丮乧丮 乎乡乫乡乭乵乲乡 乥乴 乡乬丮 串丰丱丸主 乓乩乲乯乮乩 乥乴 乡乬丮 串丰串丰丩 乣乯乵乬乤 乢乥 乥丞乣乩乥乮乴 书乯乲 乩乮乪乥乣乴乩乮乧 乥乬乥乣乴乲乯乮乳 乴乨乡乴
买乲乯乤乵乣乥 乴乨乥 乬乩乭乢中乢乲乩乧乨乴乥乮乥乤 乲乡乤乩乯 乥乭乩乳乳乩乯乮丮
乔乨乥 乲乥乳乵乬乴乳 乯书 乯乵乲 乭乯乤乥乬 乡乲乥 乣乯乭买乡乴乩乢乬乥 乷乩乴乨 乴乨乥 乯乢乳乥乲乶乥乤 乬乩乭乢中乢乲乩乧乨乴乥乮乥乤 乥乭乩乳乳乩乯乮 乳乴乲乵乣中
乴乵乲乥 乯书 乪乥乴乳 丨乳乥乥 乡乬乳乯 乆乩乧乵乲乥 丵丮临丩丬 乡乬乴乨乯乵乧乨 乩乴 乩乳 乵乮乣乥乲乴乡乩乮 乷乨乡乴 书乲乡乣乴乩乯乮 乯书 乴乨乥 乭乡乴乴乥乲 乣乯乮乴乲乩乢乵乴乥
乴乯 乴乨乥 乮乯乮中乴乨乥乲乭乡乬 乥乭乩乳乳乩乯乮丮 乔乨乥 乲乥乬乡乴乩乶乥 乡乭乯乵乮乴 乯书 乴乨乥 乤乥乮乳乩乴乹 乮乥乡乲 乴乨乥 乡乸乩乳 乣乯乭买乡乲乥乤 乴乯
乴乨乥 乯乮乥 乮乥乡乲 乴乨乥 乪乥乴 乥乤乧乥 乩乳 乡乬乳乯 乩乭买乯乲乴乡乮乴 乢乥乣乡乵乳乥 乴乨乥 乥乭乩乳乳乩乯乮 乮乥乡乲 乴乨乥 乡乸乩乳 乷乩乬乬 乢乥 乄乯买买乬乥乲中
丵丮临丮 乄义乓乃乕乓乓义乏乎 丹丱
乢乯乯乳乴乥乤丬 书乯乲乭乩乮乧 乴乨乥 乣乥乮乴乲乡乬 乲乩乤乧乥 乯书 乴乨乥 乯乢乳乥乲乶乥乤 乴乲乩买乬乥中乲乩乤乧乥 乥乭乩乳乳乩乯乮 乳乴乲乵乣乴乵乲乥 乯书 乍丸丷 乪乥乴
丨乏乧乩乨乡乲乡 乥乴 乡乬丮 串丰丱丹丩丮
5.4.2 Comparison to Other Studies
乔乨乥 乤乩乳乴乲乩乢乵乴乩乯乮 乯书 乴乨乥 乂乥乲乮乯乵乬乬乩 买乡乲乡乭乥乴乥乲乳 乣乡乮 乢乥 乣乯乭买乡乲乥乤 乴乯 乴乨乥 乲乥乳乵乬乴乳 乯书 乯乴乨乥乲 乳乴乵乤乩乥乳丮
么乵乡乮乧 乥乴 乡乬丮 丨串丰串丰丩 乮乵乭乥乲乩乣乡乬乬乹 乳乯乬乶乥乤 乴乨乥 乇乓 乥乱乵乡乴乩乯乮 书乯乲 乴乨乥 乷乨乯乬乥 乲乥乧乩乯乮丮 乔乨乥乹 乳乥乴 乴乨乥
乬乯乡乤乩乮乧 乺乯乮乥 乢乥乴乷乥乥乮 乴乨乥 乳乥买乡乲乡乴乩乯乮 乳乵乲书乡乣乥 乡乮乤 乴乨乥 乮乵乬乬中乣乨乡乲乧乥 乳乵乲书乡乣乥丬 乡乬乴乨乯乵乧乨 乩乴 乩乳 乵乮乣乬乥乡乲
乷乨乥乴乨乥乲 乳乵乣乨 乡 乬乡乲乧乥 乬乯乡乤乩乮乧 乺乯乮乥 乩乳 乮乥乣乥乳乳乡乲乹 书乯乲 乯乢乴乡乩乮乩乮乧 乴乨乥 乳乯乬乵乴乩乯乮乳丮 Ê(Ψ) 乨乡乳 乡 买乥乡乫
乮乥乡乲 乴乨乥 乪乥乴 乥乤乧乥 乩乮 乴乨乥乩乲 乲乥乳乵乬乴丬 乷乨乩乬乥 乯乵乲 乭乯乤乥乬乳 乨乡乶乥 乴乨乥 乯乮乥 乲乥乬乡乴乩乶乥乬乹 乣乬乯乳乥乲 乴乯 乴乨乥 乡乸乩乳丮
乔乨乥乹 乳乨乯乷乥乤 乴乨乡乴 ΩF 乭乯乮乯乴乯乮乩乣乡乬乬乹 乩乮乣乲乥乡乳乥乳 乴乯乷乡乲乤 乴乨乥 乡乸乩乳丬 乡乮乤 ΩF(Ψ = 0) = 0.5ΩH丬 乷乨乩乣乨
乩乳 乳乥乴 乡乳 乡 乢乯乵乮乤乡乲乹 乣乯乮乤乩乴乩乯乮丬 乷乨乩乬乥 乩乮 乯乵乲 乭乯乤乥乬丬 ΩF(Ψ) 乤乥乣乲乥乡乳乥乳 乲乡买乩乤乬乹 乮乥乡乲 乴乨乥 乡乸乩乳丮 η 乯书
乴乨乥乩乲 乭乯乤乥乬 乩乳 乡乳乳乵乭乥乤 乢乹 乡 乧乩乶乥乮 乭乡乧乮乥乴乩乺乡乴乩乯乮 买乡乲乡乭乥乴乥乲 乡乮乤 乴乨乥 买乯乬乯乩乤乡乬 乭乡乧乮乥乴乩乣 东乥乬乤 乡乴
乴乨乥 乮乵乬乬中乣乨乡乲乧乥 乳乵乲书乡乣乥丮 义乴 乩乳 乬乡乲乧乥乲 乮乥乡乲 乴乨乥 乡乸乩乳丬 乷乨乩乣乨 乩乳 乴乨乥 乯买买乯乳乩乴乥 乴乲乥乮乤 书乲乯乭 乯乵乲 乲乥乳乵乬乴乳丮
ΩF(Ψ) 乤乩乳乴乲乩乢乵乴乩乯乮 乩乳 乡乬乳乯 乳乨乯乷乮 乩乮 乂乥乳乫乩乮 乡乮乤 乚乨乥乬乴乯乵乫乨乯乶 丨串丰丱丳丩丬 乩乮 乷乨乩乣乨 乴乨乥乹 乳乯乬乶乥 乴乨乥
乇乓 乥乱乵乡乴乩乯乮 乯书 乡 乣乹乬乩乮乤乲乩乣乡乬 乪乥乴 乩乮 乡 乳买乥乣乩乡乬 乲乥乬乡乴乩乶乩乳乴乩乣 乲乥乧乩乭乥丮 义乮 乴乨乥乩乲 乲乥乳乵乬乴丬 ΩF(Ψ) 乤乥乣乲乥乡乳乥乳
乮乥乡乲 乴乨乥 乡乸乩乳 乬乩乫乥 乯乵乲 乲乥乳乵乬乴乳丮 乔乨乩乳 乴乲乥乮乤 乩乳 乡乬乳乯 乳乥乥乮 乩乮 乇乒乍么乄 乳乩乭乵乬乡乴乩乯乮 乯书 乍乣之乩乮乮乥乹 乥乴 乡乬丮
丨串丰丱串丩丮
5.4.3 Magnetic Bending Profile
乐乵 乡乮乤 乔乡乫乡乨乡乳乨乩 丨串丰串丰丩 乩乮乴乲乯乤乵乣乥乤 乴乨乥 乲乥乡乳乯乮乡乢乬乥 乳乨乡买乥 乯书 乴乨乥 书乵乮乣乴乩乯乮 乯书 Ep,ZAMO/BT,ZAMO丬
乷乨乩乣乨 乣乡乮 乢乥 乲乥乷乲乩乴乴乥乮 乢乹 乴乨乥 乢乥乮乤乩乮乧 乡乮乧乬乥 乯书 乴乨乥 东乥乬乤 乬乩乮乥丬 乡乮乤 乤乥乲乩乶乥乤 乷乩乮乤 乳乯乬乵乴乩乯乮乳 乷乩乴乨
乴乨乥 买乲乥乳乣乲乩乢乥乤 书乵乮乣乴乩乯乮 丨乳乥乥 乡乬乳乯 乔乯乭乩乭乡乴乳乵 乡乮乤 乔乡乫乡乨乡乳乨乩 串丰丰丳主 乔乡乫乡乨乡乳乨乩 乡乮乤 乔乯乭乩乭乡乴乳乵
串丰丰丸丩丮 Ep,ZAMO = |GφBp/(Gt√g33)| 乩乳 乴乨乥 买乯乬乯乩乤乡乬 乥乬乥乣乴乲乩乣 东乥乬乤 乳乴乲乥乮乧乴乨 乡乮乤 BT,ZAMO =
|B3/(α√g33)| 乩乳 乴乨乥 乴乯乲乯乩乤乡乬 乭乡乧乮乥乴乩乣 东乥乬乤 乳乴乲乥乮乧乴乨 乩乮 乴乨乥 乺乥乲乯 乡乮乧乵乬乡乲 乭乯乭乥乮乴乵乭 乯乢乳乥乲乶乥乲
书乲乡乭乥丮
乔乨乥乲乥 乡乲乥 乳乯乭乥 乣乯乮乳乴乲乡乩乮乴乳 乴乯 乴乨乩乳 书乵乮乣乴乩乯乮丮 乆乩乲乳乴丬 Ep,ZAMO/BT,ZAMO = 1 乡乴 乴乨乥 乨乯乲乩乺乯乮
丹串 乃么乁乐乔久乒 丵丮 乍乁乔乔久乒 乄久乎乓义乔乙 乄义乓乔乒义乂乕乔义乏乎 乏乆 乁 乊久乔
丨乩丮乥丮丬 乴乨乥 乚乮乡乪乥乫 乣乯乮乤乩乴乩乯乮丩丮 乓乥乣乯乮乤丬 Ep,ZAMO/BT,ZAMO = 0 乡乴 乴乨乥 乮乵乬乬中乣乨乡乲乧乥 乳乵乲书乡乣乥丬 乷乨乥乲乥
乴乨乥 东乥乬乤 乬乩乮乥 乣乯乲乯乴乡乴乥 乷乩乴乨 乴乨乥 乳买乡乣乥乴乩乭乥 丨−g03/g33 = ΩF丩丮 乆乩乮乡乬乬乹丬 (Ep,ZAMO/BT,ZAMO)2 < 1−
1/Ê2 书乯乲 乴乨乥 乯乵乴丝乯乷 乩乮 乯乲乤乥乲 乴乯 买乲乥乶乥乮乴 up 书乲乯乭 乤乩乶乥乲乧乩乮乧丮 乆乯乲 乴乨乥 乯乵乴丝乯乷丬 Ep,ZAMO/BT,ZAMO
乮乥乥乤乳 乴乯 乩乮乣乲乥乡乳乥 书乯乲 乴乨乥 丝乯乷 乴乯 乡乣乣乥乬乥乲乡乴乥丮 乁乤乤乩乴乩乯乮乡乬乬乹丬 Ep,ZAMO/BT,ZAMO 乳乨乯乵乬乤 乢乥 乳乭乯乯乴乨
乡乮乤 乣乯乮乴乩乮乵乯乵乳丮
乔乨乥 买乲乥乶乩乯乵乳 乳乴乵乤乩乥乳 乭乥乮乴乩乯乮乥乤 乡乢乯乶乥 买乲乥乳乣乲乩乢乥乤 (Ep,ZAMO/BT,ZAMO)2 乡乳 乡 乣乯乮乳乴乡乮乴 乶乡乬乵乥
书乯乲 乯乵乴丝乯乷 乡乮乤 乤乥乲乩乶乥乤 up 乵乳乩乮乧 乩乴丮 乔乨乥 乡乳乳乵乭乥乤 (Ep,ZAMO/BT,ZAMO)2 乡乮乤 乴乨乥 乤乥乲乩乶乥乤 乯乮乥
乵乳乩乮乧 久乱乵乡乴乩乯乮 丨丵丮丷丩 乷乡乳 乮乯乴 乳乥乬书中乣乯乮乳乩乳乴乥乮乴丮 乗乥 乳乯乬乶乥乤 久乱乵乡乴乩乯乮 丨丵丮丵丩 乷乨乩乣乨 乤乯乥乳 乮乯乴 乥乸买乬乩乣乩乴乬乹
乤乥买乥乮乤 乯乮 B3丬 乡乮乤 乤乥乲乩乶乥 (Ep,ZAMO/BT,ZAMO)2 乡书乴乥乲乷乡乲乤乳丮 乗乥 乳乨乯乷 乴乨乥 乳乥乬书中乣乯乮乳乩乳乴乥乮乴 买乲乯东乬乥
乯书 Ep,ZAMO/BT,ZAMO 乯书 Ψ = 0.1, 0.5丬乡乮乤 0.9 乩乮 乆乩乧乵乲乥 丵丮丱丱丮 (Ep,ZAMO/BT,ZAMO)2 乩乮 乯乵乲 乲乥乳乵乬乴
书乯乬乬乯乷乳 乡乬乬 乴乨乥 乣乯乮乤乩乴乩乯乮乳 乬乩乳乴乥乤 乡乢乯乶乥丮
5.4.4 Model Limitations
乔乨乥 乩乮丝乯乷乳 乤乯 乮乯乴 买乡乳乳 乴乨乲乯乵乧乨 乴乨乥 书乡乳乴 乭乡乧乮乥乴乯乳乯乮乩乣 买乯乩乮乴 乩乮 乯乵乲 乲乥乳乵乬乴乳丮 乔乨乥 乩乮丝乯乷 乤乩乶乥乲乧乥乳
乡乴 乴乨乥 乲乥乧乩乯乮 乶乥乲乹 乣乬乯乳乥 乴乯 乴乨乥 乨乯乲乩乺乯乮丮 乁乤乤乩乴乩乯乮乡乬乬乹丬 乴乨乥 乩乮乤乩乣乡乴乯乲 乯书 乴乨乥 书乯乲乣乥中乢乡乬乡乮乣乥 乢乥乴乷乥乥乮
乴乨乥 东乥乬乤 乬乩乮乥乳 χ 乩乳 乡乬乳乯 乬乡乲乧乥 乩乮 乴乨乥 乩乮丝乯乷 乲乥乧乩乯乮丮 乗乥 乴乲乹 乴乯 东乮乤 乤乩丛乥乲乥乮乴 乶乡乬乵乥乳 乯书 Êin 书乲乯乭 乴乨乯乳乥
乳乡乴乩乳书乹乩乮乧 乴乨乥 乴乲乡乮乳中东乥乬乤 书乯乲乣乥中乢乡乬乡乮乣乥 书乯乲 乴乨乥 乩乮丝乯乷乳 乴乯 买乡乳乳 乴乨乲乯乵乧乨 乴乨乥 书乡乳乴 乭乡乧乮乥乴乯乳乯乮乩乣
买乯乩乮乴乳丬 乡乮乤 东乮乤 乴乨乡乴 |Êin| 乮乥乥乤乳 乴乯 乢乥 乳乭乡乬乬乥乲 乯乮乬乹 乢乹 乡 书乥乷 乩乮 乴乨乥 乣乡乳乥 乯书 乴乨乥 乐丱 乭乯乤乥乬丮 乔乨乥
乤乩丛乥乲乥乮乣乥 乯书 Ein 乩乳 乳乭乡乬乬乥乲 书乯乲 乬乡乲乧乥乲 Ψ丮 乁乤乪乵乳乴乭乥乮乴 乯书 Ψ(r, θ) 乳乨乯乵乬乤 乢乥 乣乯乮乳乩乤乥乲乥乤 乩乮 书乵乴乵乲乥
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Figure 5.11: The radial profiles of (Ep,ZAMO/BT,ZAMO)2 of Ψ = 0.1, 0.5, and 0.9 in the P1 model.
They are smooth and continuous and satisfy (Ep,ZAMO/BT,ZAMO)2 = 1 at the horizon from the Znajek
condition, (Ep,ZAMO/BT,ZAMO)2 = 0 at the null-charge surface, and (Ep,ZAMO/BT,ZAMO)2 < 1−1/Ê2
in the outflow region.
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Appendix A
Integral Constants of Steady,
Axisymmetric GRMHD flows
A.1 Derivation of ΩF
义乮 乴乨乩乳 乃乨乡买乴乥乲丬 乷乥 乤乥乲乩乶乥 乴乨乥 乩乮乴乥乧乲乡乬 乣乯乮乳乴乡乮乴乳 乯书 乳乴乥乡乤乹 乡乸乩乳乹乭乭乥乴乲乩乣 乇乒乍么乄 丝乯乷乳丬 乷乨乩乣乨
乴乨乥 乥乮乥乲乧乹 丝乵乸 E丬 乡乮乧乵乬乡乲中乭乯乭乥乮乴乵乭 丝乵乸 L丬 乭乡乳乳 丝乵乸 η丬 乡乮乤 乴乨乥 乳乯中乣乡乬乬乥乤 习乡乮乧乵乬乡乲 乶乥乬乯乣乩乴乹
乯书 乴乨乥 东乥乬乤 乬乩乮乥丧 ΩF丮 乆乩乲乳乴丬 书乲乯乭 乴乨乥 乳乴乥乡乤乹 乡乮乤 乡乸乩乳乹乭乭乥乴乲乩乣 乣乯乮乤乩乴乩乯乮 丨∂0 = ∂3 = 0丩丬 乥乡乣乨
乣乯乭买乯乮乥乮乴 乯书 乴乨乥 乍乡乸乷乥乬乬 乥乱乵乡乴乩乯乮 ∂µFνλ + ∂νFλµ + ∂λFµν = 0 乢乥乣乯乭乥乳
∂1F03 = 0, 丨乁丮丱丩
∂2F03 = 0, 丨乁丮串丩
∂2F13 + ∂1F32 = 0, 丨乁丮丳丩
∂2F10 + ∂1F02 = 0. 丨乁丮临丩
丹丹
丱丰丰
乁乐乐久乎乄义乘 乁丮 义乎乔久乇乒乁乌 乃乏乎乓乔乁乎乔乓 乏乆 乓乔久乁乄乙丬 乁乘义乓乙乍乍久乔乒义乃 乇乒乍么乄
乆乌乏乗乓
乔乨乩乳 乤乩乲乥乣乴乬乹 乬乥乡乤乳 乴乯 F03 = const. 乔乨乩乳 乣乯乭买乯乮乥乮乴 乲乥买乲乥乳乥乮乴乳 乴乨乥 乴乯乲乯乩乤乡乬 乥乬乥乣乴乲乩乣 东乥乬乤 E3 = 0丮






































久乱乵乡乴乩乯乮 乁丮丵 乡乮乤 乁丮丶丬 ΩF 乩乳 乡乬乳乯 乥乸买乲乥乳乳乥乤 乢乹 ΩF = −F02/F32丮
A.2 Derivation of η






乓乵乢乳乴乩乴乵乴乩乮乧 d(lnF31)/dτ = −uµ;µ + (uµu2µ)/u2丬
√−gnu2
F31
= const. ≡ η. 丨乁丮丱串丩
乕乳乩乮乧 久乱乵乡乴乩乯乮 乁丮丶丬 √−gnu1
F23
= η, 丨乁丮丱丳丩
乁丮丳丮 乄久乒义乖乁乔义乏乎 乏乆 E 乁乎乄 L 丱丰丱


















A.3 Derivation of E and L
义乮 乡 乳乴乥乡乤乹丬 乡乸乩乳乹乭乭乥乴乲乩乣 乳乹乳乴乥乭丬 乴乨乥 之乩乬乬乩乮乧 乶乥乣乴乯乲乳 乡乲乥 ξµ(t) = (−1, 0, 0, 0) 乡乮乤 ξ
µ
(φ) =
(0, 0, 0, 1)丬 乷乨乩乣乨 乳乡乴乩乳书乹 乴乨乥 之乩乬乬乩乮乧 乥乱乵乡乴乩乯乮 ξµ;ν + ξν;µ = 0丮 乕乳乩乮乧 乴乨乥 之乩乬乬乩乮乧 乶乥乣乴乯乲丬 乴乨乥
乣乵乲乲乥乮乴 乶乥乣乴乯乲 P µ = T µνξν 乩乳 乣乯乮乳乥乲乶乥乤 P µ;µ = 0丮 乗乨乥乮 乷乥 乵乳乥 ξµ = ξ
µ
(t)丬 −P µ 乩乳 乴乨乥 乣乯乮乳乥乲乶乥乤
乥乮乥乲乧乹 乣乵乲乲乥乮乴 乡乮乤 乷乨乥乮 乷乥 乵乳乥 ξµ = ξµ(φ)丬 P
µ 乩乳 乴乨乥 乣乯乮乳乥乲乶乥乤 乡乮乧乵乬乡乲 乭乯乭乥乮乴乵乭 乣乵乲乲乥乮乴丮
乗乥 乡乤乯买乴 乴乨乥 乥乮乥乲乧乹中乭乯乭乥乮乴乵乭 乴乥乮乳乯乲




























乕乳乩乮乧 乴乨乥 乣乯乮乴乩乮乵乩乴乹 乥乱乵乡乴乩乯乮 (nuµ);µ = 0丬 ξµ;µ = 0丬 乡乮乤 (B2/8π);µ = 0 书乲乯乭 乴乨乥 乳乹乭乭乥乴乲乹丬







































乁乐乐久乎乄义乘 乁丮 义乎乔久乇乒乁乌 乃乏乎乓乔乁乎乔乓 乏乆 乓乔久乁乄乙丬 乁乘义乓乙乍乍久乔乒义乃 乇乒乍么乄
乆乌乏乗乓
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Notes on the Electromagnetic Field
B.1 Magnetic Field












乷乨乥乲乥 ξνt = (1, 0, 0, 0), ξtν = (g00, 0, 0, g03), 乩乳 乴乨乥 乴乩乭乥中乬乩乫乥 之乩乬乬乩乮乧 乶乥乣乴乯乲丬 乡乮乤 εµνλσ =
√−g[µνλσ], εµνλσ =
−1/√−g[µνλσ]丮








丱丰临 乁乐乐久乎乄义乘 乂丮 乎乏乔久乓 乏乎 乔么久 久乌久乃乔乒乏乍乁乇乎久乔义乃 乆义久乌乄
B1 = − 1√−g (g00F23 + g03F
02)
= − 1√−gGtF23, 丨乂丮丶丩
B2 = − 1√−g (g00F13 + g03F
12)
= − 1√−gGtF31, 丨乂丮丷丩
B3 = − 1√−gg00F12. 丨乂丮丸丩
乔乨乥 买乯乬乯乩乤乡乬 乭乡乧乮乥乴乩乣 东乥乬乤 乩乳
B2p = −Gt(F 23F23 + F 13F13), 丨乂丮丹丩












乆乲乯乭 乴乨乥 乤乥东乮乩乴乩乯乮 乯书 乴乨乥 乥乬乥乣乴乲乯乭乡乧乮乥乴乩乣 乴乥乮乳乯乲丬
Fµν = ∂µAν − ∂νAµ, 丨乂丮丱丱丩
乩乮 乴乨乥 乳乴乥乡乤乹丬 乡乸乩乳乹乭乭乥乴乲乩乣 乣乯乮乤乩乴乩乯乮丬
F13 = ∂1A3, F23 = ∂2A3. 丨乂丮丱串丩
乂丮丳丮 久乌久乃乔乒义乃 乆义久乌乄 丱丰丵
乆乲乯乭 乴乨乥 乲乥乬乡乴乩乯乮乳 乯书
F13 = g11(g03F
10 + g33F
























乔乨乥 乥乬乥乣乴乲乩乣 东乥乬乤 乩乳 乤乥东乮乥乤 乢乹
Eµ = ξ
ν





乆乯乲 乴乨乥 乣乯乭买乯乮乥乮乴 乯书 A = 1, 2丬
















丱丰丶 乁乐乐久乎乄义乘 乂丮 乎乏乔久乓 乏乎 乔么久 久乌久乃乔乒乏乍乁乇乎久乔义乃 乆义久乌乄

























































































乂丮临丮 久乌久乃乔乒义乃 乃乕乒乒久乎乔 丱丰丷
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